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ABSTRACT
Microsaccades, the microscopic and fast gaze relocations occurring while we attempt
to maintain steady fixation, cause both spatial and temporal changes in the input
to the retina. Despite much progress in understanding the spatial functions of these
small eye movements during the last decade, it remains unclear whether the temporal
modulations resulting from microsaccades are also beneficial for vision. This disserta-
tion describes three studies aimed at providing answers to the following fundamental
questions:
(1) What are the space-time characteristics of the input to the retina at the time
of saccades and microsaccades? Spectral analyses of the retinal input during free-
viewing of natural images show that luminance modulations resulting from saccades
and microsaccades redistribute the power of an otherwise stationary stimulus in a
way that contributes more temporal power than ocular drift within a range of low
spatial frequencies. These results suggest a specific role for saccadic eye movements
in the encoding of low spatial frequencies.
(2) We measured how microsaccade transients affect human contrast sensitivity at
different spatial frequencies. We showed that contrast thresholds remain highly simi-
v
lar in the presence and absence of microsaccades below 30’. However, an improvement
in sensitivity to low spatial frequency stimuli was found for saccades with amplitudes
larger than 30’. Furthermore, saccades of all amplitudes, including microsaccades,
were strongly suppressed during exposure to the stimuli.
(3) What are the dynamics of visual sensitivity around the time of occurrence of
microsaccades? We show that sensitivity is reduced at the time of microsaccades and
small saccades, similar to what previously reported for saccades. Moreover, sensitivity
is not homogeneous within the fovea but decreases with increasing eccentricity.
These results clarify the importance of microsaccades to vision. They show that
the luminance modulations resulting from both microsaccades and saccades play an
important role in representation of visual information and affect our perception in a
systematic way.
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1Chapter 1
Introduction
Visual perception is often studied in a passive manner, without consideration of the
observer’s behavior. However, in natural viewing conditions, instantaneous eye move-
ments continually shift the image on the retina, even when attempting to maintain
steady gaze. Every few hundred milliseconds, fast and transient saccades relocate the
line of sight between different points of interest. During the inter-saccadic periods
of fixation, the eyes move by means of slow drifts and miniature saccades known as
microsaccades.
The visual functions of these eye movements have been the subject of vigorous
investigation in the past few decades. While the function of larger eye movements
is clear, the roles of the small fixational eye movements that keep the stimulus of
interest within the region of highest visual acuity have been highly debated. It is now
established that saccades facilitate high acuity vision by redirecting the fovea, the
region with highest receptor density, toward the objects of interest and in this way
compensates for non-uniformity of vision across the retina. Recent research in our
laboratory has shown that this function can also be attributed to microsaccades as
non-homogenuity of visual acuity extends even to the fovea (Poletti et al., 2013). In
fact, it has been shown that microsaccades can enhance performance in high acuity
tasks, such as threading a needle, by facilitating precise relocation of the preferred
retinal locus according to the task demands (Ko et al., 2010).
These previous studies have focused on the spatial consequences of microsaccades.
2However, eye movements also modulate the retinal input in time. According to a
popular proposal, the visual transients caused by microsaccades are necessary for
preventing the progressive fading experienced when stimuli are artificially immobilized
on the retina (Ditchburn et al., 1959; Martinez-Conde et al., 2006). This proposal has,
however been debated on several grounds (Collewijn and Kowler, 2008) suggesting
that the natural movement of head and body is already sufficient to prevent perceptual
fading under natural viewing conditions. During the last decade, it has been suggested
that the temporal transients resulting from small eye movements may play a much
more specific role than simply fading prevention (Rucci and Victor, 2015; Rucci and
Poletti, 2015). It has been shown that contrast sensitivity to high spatial frequency
stimuli is enhanced in the presence of slow ocular drifts compared to when stimuli
are stabilized on the retina. Moreover, it has been suggested that sensitivity to low
spatial frequencies is improved in a relaxed fixation condition where microsaccades
occur more frequently compared to a strictly enforced fixation condition (Deubel and
Elsner, 1986).
Several other studies have proposed a specialized role of the temporal modulations
resulting from eye movements in efficient encoding of the spatial information con-
tained in the observed scenes (Ahissar and Arieli, 2001; Greschner et al., 2002; Rucci,
2008). These functions have been traditionally attributed to the center-surround in-
teractions across retinal cells (Atick and Redlich, 1992; Srinivasan et al., 1982; Van
Hateren, 1992). However, Kuang et al. (2012) have recently shown that luminance
modulations during the inter-saccadic periods of drift equalize the spectral distri-
bution of natural images on the retina, hence removing statistical redundancy in
these images. Similar results have been proposed under head-free viewing conditions
(Aytekin et al., 2014) suggesting that the processes of whitening and edge detection
begin before any neural processing.
3These previous studies have focused on the temporal luminance modulations re-
sulting from ocular drift. However, during free viewing of natural images, drifts are
frequently interrupted by saccades and microsaccades. Surprisingly, no study has
examined how these movements reshape the stimulus on the retina. This is a crucial
step in understanding vision, as saccades and microsaccades play a critical role in
strcuturing the spatiotemporal flow of information impinging onto the retina.
The body of work presented in this thesis is dedicated to elucidating the visual
functions of the luminance modulations caused by small saccades. By means of in-
tegrated computational and experimental approaches, I investigate (a) the frequency
content of the temporal modulations resulting from saccades and microsaccades; (b)
the consequences of these input modulations on visual sensitivity; and (c) how these
effects interact with saccadic suppression, the transient attenuation in sensitivity that
occurs around the time of saccades.
Chapter 2, reports a detailed characterization of the spatiotemporal retinal input
at the time of saccades. to this end, a recently developed model that allows high-
resolution estimation of the retinal power redistribution caused by the eye movements
(Kuang et al., 2012) is used to examine how saccades with different amplitudes trans-
form static images into spatiotemporal modulations on the retina. My results show a
systematic transformation of visual information at the time of saccades that yields a
retinal input with equalized (whitened) spatial power up to a critical frequency within
the frequency range of ganglion cells peak sensitivity. These results complement pre-
vious findings on the consequences of the fixational instability resulting from ocular
drifts (Kuang et al., 2012; Rucci et al., 2007; Aytekin et al., 2014) and provide a
full characterization of the spatiotemporal retinal stimulus as the eyes freely explore
natural scenes through saccades and drifts.
Furthermore, my spectral analyses of the retinal input at the time of saccades show
4that the saccadic luminance modulations contain more temporal power at low spatial
frequencies compared to the intersaccadic drifts. These results suggest complementary
roles of saccades and drifts in the encoding of visual information: whereas, drifts
enhance high spatial frequency vision, saccades may enhance sensitivity to low spatial
frequencies.
Chapter 3, focuses on testing these theoretical predictions. I specifically isolate the
influences of transients from microsaccades and small saccades on contrast sensitivity
in human observers, by measuring contrast thresholds at both low and high spatial
frequencies in the presence and absence of microsaccades and small saccades. My
results show that only saccades with amplitudes larger than 30′ positively enhance
sensitivity to low spatial frequency stimuli, as predicted by the theoretical results in
Chapter 2. However, microsaccades do not cause a significant increase in sensitivity
at low frequencies compared to drift. At high spatial frequencies, as is predicted by
my spectral analyses, saccades and drifts are equally effective in contrast sensitivity.
Moreover, a strong suppression of saccades occurs during exposure to the stimulus.
Although these results may appear surprising, they are actually consistent with
previous findings. In fact, it is well known that saccades are normally accompanied by
temporary impairments in visual sensitivity known as “saccadic suppression” (Volk-
mann et al., 1978; Burr and Ross, 1982; Ross et al., 2001). This suggests that the
the positive influence of saccadic transients, supported by the results of my spec-
tral analyses, might be negatively affected by the transient visual suppression at the
time of microsaccades. In this view, only the larger changes in the retinal stimulus,
caused by small saccades, may overcome these perceptual impairments resulting in a
net beneficial effect. This hypothesis implies that “saccadic suppression” extends to
microsaccadesas. It is unclear whether this is the case. Although, a few studies have
suggested that small saccades are accompanied by an elevation of visual thresholds
5similar to larger saccades (Zuber et al., 1964; Beeler, 1967; Ditchburn, 1955). Oth-
ers have found conflicting results (Krauskopf et al., 1966). These pioneering studies,
however, gave little descriptions of the eye movement and the stimulus properties.
Furthermore, these studies did not report how sensitivity evolves during the course
of the eye movement.
To fill this gap, chapter 4 reports the results of a study in which I examine the
complete spatiotemporal profile of contrast sensitivity relative to occurrence of mi-
crosaccades and small saccades. To ensure natural oculomotor activity, I use a natural
“grooming task”, a task that incorporates both change detection and visual search
and resembles primate’s social grooming. My results show that microsaccades are
accompanied by an elevation of visual thresholds that starts before the initiation of
the actual eye movement and gradually resolves as the eyes slow down at fixation.
This effect is present at different eccentricities within the fovea. Furthermore, my
data show a decrease in sensitivity with increasing eccentricity within the fovea, sup-
porting the previous report on nonuniform vision within this region (Poletti et al.,
2013) in a more naturalistic task.
Finally, chapter 5 gives an overall discussion of the findings described in this
thesis, their implications, and their broader impact. These results contribute to
the field in several important ways. They provide a complete characterization of
the spatiotemporal retinal input during free viewing of natural images as the eyes
move during fast and transient saccades and the intersaccadic periods of drift. This
systematic transformation of visual information at the time of saccades and drifts is
likely to yield a coarse to fine representation of visual information during the course of
natural post-saccadic fixation. Furthermore, measurements of contrast sensitivity in
the presence and absence of saccades and drifts suggests that the temporal transients
contained in small saccades enhance sensitivity selectively to low spatial frequencies
6and are consistent with the predictions emerging from the spectral analyses of retinal
stimulation. Finally, the results of my third study provide, for the first time, a
detailed characterization of the peri-saccadic contrast sensitivity at different retinal
eccentricities within the fovea.
7Chapter 2
Space-time characteristics of visual input
modulations resulting from saccades
2.1 Introduction
Humans and other species actively interact with their surroundings. Under natural
viewing conditions, perpetual movements of the eyes and the head, continually mod-
ulate the input to the retina. Saccades occur 2-3 times per second, and microscopic
eye movements occur incessantly during the intervals in between saccades. The visual
input is therefore, the product of this interplay between the scene and agent’s motor
activity.
Examination of human oculomotor behavior has recently revealed a close relation-
ship between the statistical properties of eye movements and those of natural scenes
during periods of visual fixation. Kuang et al. (2012), have shown that during viewing
of natural images, the luminance modulations resulting from ocular drift, transform
spatial information into temporal modulations in a way that counterbalances the
spectral distribution of observed scenes. This transformation yields a retinal input
with equalized (whitened) spatial power within the frequency range of ganglion cells
peak sensitivity. Similar results have been reported by Aytekin et al. (2014) under
natural, head-free viewing. They have shown that, the residual retinal motion from
the partial compensation of head and eye movements during periods of intersaccadic
fixation possesses characteristics similar to those occurring when the head is immo-
8bilized (an artificial condition frequently used in oculomotor experiments). In both
cases, retinal image motion is whitened during the periods of inter-saccadic fixation.
These studies propose a fundamental computational role for the motion of the reti-
nal image in encoding spatial information (Ahissar and Arieli, 2001; Greschner et al.,
2002; Rucci, 2008). They suggest that fixational eye movements remove statistical
redundancies in the observed natural scenes and enhance luminance discontinuities.
These functions have been traditionally attributed to center-surround interactions
within the receptive fields of retinal ganglion cells (Atick and Redlich, 1992; Srini-
vasan et al., 1982; Van Hateren, 1992). However, these results show that under natural
viewing conditions, when the incessant motion of the eyes is taken into consideration,
the processes of whitening and edge detection begin before any neural processing.
While these previous studies have focused on ocular drift, it is not clear whether
the modulations induced by saccades also contribute to encoding spatial information.
It is well known that the luminance fluctuations resulting from fast and transient
saccades greatly influence the neural responses at fixation onset. However, at the
perceptual level, saccades are primarily known for causing a transient attenuation in
visual sensitivity (“saccadic suppression”) that starts before the eye movements and
continues during the course of the saccade (Volkmann, 1962; Latour, 1962; Zuber and
Stark, 1966). This suppression is followed by an enhancement both at the behavioral
(Ibbotson et al., 2007; Miles et al., 1986; Ibbotson and Krekelberg, 2011) and neural
levels (Ibbotson et al., 2008). This enhancement has been shown to be greatest in the
presence of natural scene patterns (MacEvoy et al., 2008) implying a link between
the statistics of the environment and the oculomotor behavior in natural viewing
conditions. Moreover, facilitatory effects of small saccades in the detection of low-
frequency stationary gratings have been previously reported in the literature (Deubel
and Elsner, 1986).
9Despite the drastic impact of saccades both at the perceptual and neural levels,
surprisingly no study has looked into the statistical properties of the retinal input
at the time of saccades. In fact, saccades are generally compared to brief static
stimuli flashed on the retina in the literature (Kagan et al., 2008). In this study,
for the first time, I have conducted a detailed characterization of the spatiotemporal
retinal input at the time of saccades. My results show a systematic transformation of
visual information at the time of saccades that enhances low spatial frequencies and,
together with ocular drifts, yields a coarse to fine representation of visual information
in normal viewing conditions.
2.2 Materials and Methods
2.2.1 Subjects
Fourteen subjects (6 females; age range: 21-31 years) with normal, non-corrected
vision participated in the study. All observers were naive about the purpose of the
experiment and were compensated for their participation. Informed consent was
obtained from all participants following the procedures approved by the Declaration
of Helsinki and Boston University Charles River Campus Institutional Review Board.
2.2.2 Apparatus
Images were displayed sequentially on a fast phosphor monitor (Iyamaya HM204DT)
at 800 × 600 pixels resolution and 200 Hz refresh rate. Subjects were positioned at
a fixed distance of 126 cm from the monitor. Head movements were restricted by a
dental-imprint bite bar and a head-rest. Stimuli were observed monocularly with the
right eye while the left eye was patched.
Eye movements were measured by means of a Generation 6 Dual Purkinje Image
(DPI) eye-tracker (Fourward Technologies). The internal noise of the system is less
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than 20′′ (Crane and Steele, 1985) digitally yielding a resolution of approximately 1′.
Oculomotor signals were sampled at 1 kHz and recorded for subsequent analyses.
2.2.3 Procedure
Observers were instructed to memorize 60 gray-scale pictures of natural scenes. Im-
ages were displayed sequentially, each for 10 s, while subjects freely looked at them.
Data were collected in separate blocks during one hour long sessions. Preliminary
preparations preceded each block of trials within a session. These procedures in-
cluded positioning subjects comfortably in the apparatus, tunning the eye-tracker for
optimal measurement of eye movements and executing a gaze-contingent calibration
procedure to convert the eye position measurements given by eye-tracker into degrees
of visual angle with high precision (Ko et al., 2010; Poletti et al., 2013). The du-
ration of these blocks were less than 10 minutes. Brief breaks (5-10 min) separated
consecutive blocks and allowed the subject to rest.
2.2.4 Eye movement analysis
Only blink-free trials with optimal, uninterrupted tracking were included in the anal-
yses. Classification of the recorded eye movement traces into periods of drift and
saccades was performed automatically based on the velocity of the trajectory and
then validated by visual inspection. Eye movements with minimal amplitude of 3′
and peak velocity higher than 3◦/s were segmented as saccades. Consecutive events
closer than 15 ms were merged together into a single saccade, a method which au-
tomatically took care of possible post-saccadic overshoots (Deubel and Bridgeman,
1995). The onset and offset of each saccade were defined as the instants immediately
before and after the event at which the eye speed became greater and lower than 3◦/s,
respectively. The amplitude of the saccade was given by the modulus of the vector
connecting the eye positions at these two instants. In this study, I do not distinguish
11
between saccades and microsaccades.
2.2.5 Retinal input analysis
To examine the consequences of saccades on the frequency content of the retinal
stimulus, first I reconstructed the spatiotemporal retinal input by translating the
observed images following the eye trajectories, and then evaluated the characteristics
of the resulting movies by spectral analysis. Power spectra were estimated separately
for each observer and then averaged. 3D power spectra were rotationally averaged
across all directions in spatial frequency to yield 2D maps of spatial and temporal
frequency.
Spectral analysis of the retinal input during saccades using this method is, how-
ever, limited in its frequency resolution, which depends on the window of observation.
With this method, I could only evaluate the frequency content of the retinal input up
to 0.12 cycle/deg. In order to extend my analysis to lower spatial frequencies, I used
a previously developed model (Kuang et al., 2012) that enables high-resolution esti-
mation of the power spectrum of the retinal stimulus. The lowest spatial frequency
tested in this condition was 0.01 cycles/deg. A fundamental underlying assumption
in this model is that the motion of the retinal image is statistically independent from
the observed external stimulus. This is a very plausible assumption when one consid-
ers a large region of the retina, such as in this study. I further verified plausibility of
this assumption by comparing the results obtained from the direct estimation of the
retinal input and that of the model-based method using a dataset of eye movements
recorded from 3 of my 14 observers recorded while they were free viewing images of
natural scene at high resolution. This dataset was collected following the same proce-
dure as was described previously except for that the natural images had a resolution
of 1024x1536 pixels (Fig. 2·6).
In this model, the power spectrum of the retinal input S during viewing of an
12
external stimulus with spatially homogeneous statistics and spectral density distri-
bution I (see Supplementary Information in Kuang et al. (2012)) can be estimated
as:
S (k, ω) = I (k)Q (k, ω) (2.1)
where k and ω represent spatial and temporal frequencies, respectively, and Q(k, ω)
is the Fourier Transform of the displacement probability q(x, t), the probability that
the eye moved by x in an interval t. Thus, given a natural scene with power I0 at
spatial frequency k0 (I(k0) = k
−2
0 ), the spatiotemporal power made available by eye
movements at temporal frequency ω, is directly proportional to Q(k0, ω).
Power spectra were estimated for drift and saccade traces separately. For saccades,
I selected a 512 ms window centered on each saccade occurring during free viewing of
the natural images. To eliminate confounding influences from ocular drift, I replaced
all eye movements before and after the saccade by artificial traces in which the eye
remained immobile. For analyzing the frequency content of the stimulus present
during ocular drift, uninterrupted non-overlapping drift segments of 1023 ms duration
were selected, an approach similar to that of previous studies (Kuang et al., 2012;
Aytekin et al., 2014). Power spectra were estimated individually for each subject and
then averaged across observers (Fig. 2·2). To summarize my results in two dimensions
(space and time), probability distributions and power spectra are presented after
taking radial averages across space (x = ||x|| and k = ||k||). The data in Fig. 2·3A
represent the dynamic power calculated as the sum of all power across all temporal
frequencies higher than 2 Hz. The critical frequency values in Fig. 2·3B represent
the cutoff frequency – i.e., the frequency at which the dynamic power is reduced by
3 dB.
In order to study the dynamic power of the retinal stimulus driving retinal gan-
glion cells, I weighed the temporal power contained in the observed natural images
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during saccades and drifts with the temporal response of the midget and parasol reti-
nal ganglion cells. The temporal response, H(t), was simulated using a previously
developed model of the retinal ganglion cell temporal response (Victor, 1987):
H(ω) = Ae(−iωD)
(
1− Hs
1 + iωτs
)(
1
1 + iωτL
)NL
. (2.2)
In this model the temporal-frequency response, H(ω) is modeled as a set of NL low
pass filters and one high pass stage. A is the gain of the filter; D, is the transmission
delay in the RGC axon; Hs is the gain of the subtractive stage and τs and τL are
the time constants of the high and low pass filters, respectively. The parameters
for P ganglion cells were set to mean values measured in the macaque’s retina (?):
NL = 31.5, A = 54.57 impulses s
−1, D = 3.5 ms, Hs = 0.73, τs = 32.27 ms and
τL = 1.55 ms. For M cells I used NL = 25.5, A = 499.77 impulses s
−1, D = 2.33 ms,
Hs = 1, τs = 2.45 ms, C1/2 = 0.048, T0 = 44.96 ms and τL = 1.68 ms (Benardete and
Kaplan, 1999). The dynamic power presented in Fig. 2·4 represents sum of power
across all temporal frequencies higher than 2 Hz driving P and M retinal ganglion
cells.
2.2.6 Modeling neural responses
I simulated the response of populations of retinal ganglion cells in the macaque retina
during exposure to spatiotemporal stimuli experienced by human observers.
Changes in the firing activity of retinal ganglion cells were measured by convolving
the retinal input, I(x, t) with the spatio-temporal kernel of the cells K(x, t):
ηx(t) =
∞∫
−∞
∞∫
−∞
K(x′, t′)I(x− x′ + t− t′)dx′dt′, (2.3)
where x is the center of the cell’s receptive field. The spatiotemporal kernel of the
cell, K(x, t), was modeled as the product of a spatial (F ) and a temporal (H) filter
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(Poletti and Rucci, 2008):
K(x, t) = F (x)H(t). (2.4)
In order to study how the temporal transients resulting from saccades of different
sizes contribute to the representation of visual information, I simulated the response
of four populations of retinal M ganglion cells with different spatial frequency sen-
sitivities: 0.08, 0.3, 1 and 4 cycles/deg. The spatial kernels, F (x), were modeled
as two-dimensional Gabor filters (Jones and Palmer, 1987). The temporal filter was
simulated using the numerically-computed Fourier transform of Eq.(2.2). Here, the
parameters were set to mean values measured in M cells in the macaque’s retina
(Benardete and Kaplan, 1999): NL = 30.3, A = 567 impulses s
−1, D = 2.2 ms,
Hs = 0.98, τs = 1.04 ms and τL = 1.41 ms.
The input, I(x, t), to the modeled cells were images of the natural scene that were
observed by the subjects while collecting the eye movement data. The eye movement
traces, were selected as 1500 ms intervals around each saccade. The end point of
saccade was fixed at 500 ms. Only one saccade was present in each trace. For each
cell type, I simulated the responses over 700 recorded oculomotor traces (composed
of saccades and drifts), superimposed on different stimuli. Data in Fig. 2·5 represent
average cell responses.
2.3 Results
Eye movements continually shift the image on the retina. Under natural viewing con-
ditions, saccades of various amplitudes, some a fraction of a degree (microsaccades),
occur every few hundred milliseconds. During the intersaccadic periods of steady fix-
ation, the eyes still move at lower velocities by means of ocular drift (Fig. 2·1A−B).
These incessant movements of the eyes, together with movements of the head and
body motion, constantly modulate the retinal input signal impinging onto retinal
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receptors (Fig. 2·1C), even when no motion occurs in the external scene. Thus,
eye movements transforms spatial power into temporal power on the retina. This
conversion is represented in the frequency domain in Fig. 2·1D. In the absence of
the head and eye movements, all the input power to the retina would be in the zero
temporal frequency plane (Fig. 2·1D). However, the temporal transients imposed by
the oculomotor activity, redistribute this spatial power across temporal frequencies
(fig. 2·1E). The specifics of this power redistribution depends on the characteristics
of the imposed retinal motion. To study this transformation, I recorded oculomotor
activity from 14 human observers while they free viewed images of natural scenes.
As expected, observers made frequent saccades (average intersaccadic interval:
248±54 ms) with highly variable amplitudes ranging from 0.05◦ to 16.5◦ (average
saccade amplitude: 3.1±0.79◦) (Fig. 2·1F ). The relation between the amplitude and
peak speed of the saccades followed the main sequence (Zuber et al., 1965). The peak
saccade velocity ranged between 4.135◦/s to 1210.5◦/s and the average instantaneous
saccade velocity was 37.97±1.71◦/s across the 14 observers. During the intersaccadic
periods of ocular drift, the average instantaneous velocity of the eyes was 1.01◦/s
(Fig. 2·1G). This value is very close to the average speed of ocular drift, previously
reported by Cherici et al. (2012) during fixation. These authors reported speed of
0.87◦/s in the presence of a fixation marker and 0.95◦/s when no marker was presented.
To study the consequences of saccade temporal transients, I first examined how
saccades with different amplitudes transform static images into spatiotemporal mod-
ulations on the retina. To this end, I used a recently developed model that allows
high-resolution estimation of the retinal power redistribution caused by the eye move-
ments (Kuang et al., 2012). Since saccades of various sizes convey different luminance
modulations to the retinal stimulus and possess different velocity profiles, I examined
the power spectra for traces of eye movement centered on each individual saccade
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Figure 2·1: Oculomotor influences on the retinal input. (A-
B) Observers freely examined pictures of natural scenes, while their
eye movements were measured at high spatial and temporal resolution.
An example of recorded eye movements superimposed on the observed
image (A) and the corresponding horizontal and vertical eye positions
(B). (C) Eye movements transform the spatial scene into spatiotempo-
ral signal on the retina. Example of reconstructed retinal input during
the eye trace in (A). Each frame is centered on the line of sight at the
corresponding time. (D-E) In the frequency domain, this space-time
conversion corresponds to a redistribution of the spatial power of the
scene into the joint space-time domain. The power at ω = 0 Hz in the
external scene (D) becomes available at nonzero temporal frequencies
on the retina (E). (F-G) Characteristics of the eye movements recorded
in the experiment. Average distribution of saccade amplitude (F) and
drift speed (G) over N=14 observers. The dashed lines represent the
mean across the 14 observers. Error bars represent one SD.
occurring during free viewing of the natural scenes, after removing all other eye
movements before and after the saccadic event. This way, I was able to isolate the
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transients generated by the saccade without the confounding influence of ocular drift.
Several previous studies in the active perception lab have looked at how drift
redistributes the energy of the retinal stimulus in the presence (Aytekin et al., 2014)
and absence (Kuang et al., 2012) of head and body movements. Fig. 2·2D shows the
results of a similar analysis. In agreement with previous reports, drift modulations
amplify the input spatial frequencies up to around 10 cycles/deg.
Next, I studied how saccades of various amplitudes contribute to redistribute the
spectral power of the retinal stimulus. Figures 2·2A − C show the spatiotemporal
power made available by saccades with 5-7◦, 1-2◦ and 0.05-0.5◦ amplitudes. These
data reveal a systematic pattern on the reformatting of the input. For each saccade
amplitude, there is a critical frequency below which saccade temporal transients am-
plify, with a gain that increases with increasing spatial frequency. Above this critical
frequency, however, saccades transform all spatial frequencies equally. This pattern
is particularly clear at individual temporal frequency sections (the middle rows in
Fig. 2·2A − C). Moreover, comparison between the distribution of power resulting
from different saccade amplitudes shows a shift in the critical frequency toward lower
spatial frequencies as saccade sizes increase.
These results show a clear difference between the power conveyed by temporal
modulations from saccades and drifts. While the overall shape of the redistribution
(the frequency-dependent amplification below a critical frequency, followed by satu-
ration), is the same for both types of movement, the critical frequency for drifts is
much higher than for saccades. Thus fast saccadic gaze shifts cause a distinct pattern
of retinal power distribution compared to ocular drifts.
During viewing of natural scenes, this input transformation redistributes the spa-
tial power of the observed images across temporal frequencies in a systematic way.
Fig. 2·3A, shows the dynamic power – i.e., the sum of power at all nonzero temporal
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Figure 2·2: Spatiotemporal power redistribution caused by
saccades of different amplitudes (A-C) and drift (D). The left
column represents the 2D power spectra given by saccades with 5-7◦
(A), 1-2◦ (B), 0.05-0.5◦ (C) amplitudes. For comparison, the input
given by ocular drift (D) is also shown. The center column represents
the spatial power distribution at 3 selected temporal frequencies sec-
tions (horizontal dashed lines in D). The right column shows the tempo-
ral power distributions at 3 selected spatial frequency sections (vertical
dashed lines in D). Shaded areas represent one SD (14 observers).
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frequencies above 2 Hz – of the retinal stimulus present when saccades of various
amplitudes occur over natural scene. The results show how the temporal transients
caused by saccades transform the spatial information contained in the natural images
into temporal modulations on the retina. It is well known that the power of natural
scenes decreases proportionally to the square of the spatial frequency (Field, 1987)
(the dashed line Fig. 2·3A). The transformation resulting from saccades counterbal-
ances this spectral distribution yielding a spatiotemporal retinal stimulus with equal-
ized power below a critical frequency. That is, up to a critical amplitude-dependent
spatial frequency, saccades give equal power at different spatial frequencies. Above
this critical frequency, the power decreases with increasing spatial frequency.
Comparison between the pattern of input transformation resulting from saccades
and drifts show that saccades yield a narrower whitening range than drift, a range
limited to low spatial frequencies. The range of whitening for different saccade am-
plitudes is shown in Fig. 2·3B. Microsaccades equalize the spatial power up to 0.83
cycles/deg, already considerably lower than the whitening range caused by drift mod-
ulations (6.11 cycles/deg). The whitening range decreases further as the saccade size
increases. It becomes 0.15 cycles/deg for 2-3◦ saccades and 0.05 cycles/deg for sac-
cades larger than 7◦.
The dynamic power in Fig. 2·3A represents the power available at all non-zero
temporal frequencies. However, retinal ganglion cells are only sensitive to a limited
range of temporal frequencies. To focus on the input that drives these cells during
viewing of natural scenes, I weighed the spatiotemporal retinal stimulus with the
temporal response of retinal P and M ganglion cells. Fig. 2·4 shows the input power
to these cells as the eyes move along trajectories defined by drift and saccades of
various amplitudes.
The data in Fig. 2·4, allow comparing effects of saccade relative to ocular drift.
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Figure 2·3: Spectral consequences of the temporal transients
resulting from saccades and ocular drift. (A) Dynamic power
delivered as the sum of power at all non-zero temporal frequencies above
2 Hz , for saccades of different amplitudes. The shaded areas represent
SEM. (B) Critical frequency below which saccades spatially whiten
natural images as a function of amplitude. The gray bar represents the
critical frequency for ocular drift. Error bars represent SEM.
The results show that, within the range of peak sensitivity of ganglion cells, sac-
cades convey more power compared to ocular drift up to around 6.8 cycles/deg for P
cells and 7.6 cycles/deg for M cells. Above this frequency, drifts are more beneficial
compared to saccades, as they deliver a stronger input. These results suggest comple-
mentary roles for saccades and drifts in the encoding of visual information: whereas,
drift enhances high spatial frequency vision, saccades may contribute by enhancing
sensitivity at low spatial frequencies. This distinction becomes more pronounced as
the size of the saccades increase. Therefore, the transient enhancement of low spatial
frequencies caused by saccades can be responsible for perception of the gist of the
scene before the successive addition of high spatial frequency information caused by
drift modulations.
To further investigate the role of saccade modulations in processing of the visual
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Figure 2·4: Input stimulus affect on retinal ganglion cells. The
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SEM.
information, I modeled the response of retinal ganglion cells as the eyes freely explored
natural scenes. The mean instantaneous firing rates of four populations of retinal
ganglion cells sensitive to 0.08, 0.3, 1 and 4 cycles/deg were simulated during traces
of eye movement composed of drifts interrupted by saccades of various amplitudes.
Fig. 2·5 shows the results for 0.05-0.5◦ (A), 1-2◦ (B) or 5-6◦ (C) saccades.
During the periods of drift, all four cell populations elicited similar level of re-
sponses, despite the different amount of spatial power available at these frequencies
in the observed static scenes. These results confirm previous findings by Kuang et al.
(2012) that temporal modulations from ocular drift equalize cell responses by whiten-
ing their input signals. Saccades, elicited a transient increase in the cell responses.
Following microsaccades (Fig. 2·5A), activity was equalized in the cell populations se-
lective to 0.08, 0.3, and 1 cycles/deg, indicating a whitening of the retinal input in this
range. However, input modulations resulting from microsaccades, invoked a different
level of activity in the cells sensitive to 4 cycles/deg, showing that the whitening range
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given by microsaccades does not reach 4 cycles/deg. These results are, in fact, in line
with the predictions of the spectral analysis in Fig. 2·3 and show that microsaccades,
whiten the retinal input below their critical frequency (0.83 cycles/deg).
Fig. 2·5B − C show the neural activity in response to larger saccades. As a
consequence of the reduction in the critical frequency with increasing saccade am-
plitudes, only saccade with 1-2o amplitude equalized the response of 0.08 and 0.3
cycles/deg cells and yielded distinct activity in the response of 1 and 4 cycles/deg
cells (Fig. 2·5B). All cells elicited different firing activity for 5-6o saccades, as their
preferred spatial frequencies all fell outside of the whitening range associated with
these saccades (Fig. 2·5C).
Fig. 2·5D−F replots the same data for each saccade amplitude. This graph makes
clear that within the whitening range, cells fire more vigorously in response to larger
saccades. Outside this range, different saccade amplitudes yield similar responses
(Fig. 2·5F ).
Close look at the response of the cells shows a double peak in some conditions (e.g.
4 cycles/deg cells to 5-6◦ saccades). This was due to the fact that the spatiotemporal
retinal input in these conditions fell out of the dynamic range of neuronal sensitivity.
For instance, the average peak velocity of a 3 deg saccade was about 600 deg/s.
Hence, for a 4 cycles/deg input stimulus, this resulted in a retinal temporal frequency
of 2400 cycles/s. This was well beyond the temporal frequency range to which a
cell can respond and a drop in response occurred when the saccade was close to its
maximum velocity.
2.4 Discussion
The temporal modulations caused by saccades greatly affect neural responses at the
onset of fixation. Characterization of the retinal stimulus at the time of saccades is
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Figure 2·5: Temporal consequences of eye movement tran-
sients on retinal activity. Simulated responses of 4 types of retinal
ganglion cells sensitive to 0.08, 0.3, 1 and 4 cycles/deg have been simu-
lated during recorded eye movement traces composed of drifts and one
saccade. (A-C) Response of different cell types to 0.05-0.5o (A), 1-2o
(B) and 5-6o saccades (C) embedded in drifts. Time 0 corresponds to
the end of saccade in each trace. (D-F) Comparison of the influence
of saccades of different sizes on neurons with tuning to 0.08 cycles/deg
(D), 0.3 cycles/deg (E), and 4 cycles/deg (F). The cell responses in
(A-F) represent the averages across 700 simulated responses and the
shaded areas represent SEM.
essential for understanding the visual consequences of these eye movements. In this
study, I investigated this fundamental, yet little explored question, by conducting
a detailed analysis of the spatiotemporal retinal input at the time of saccades. My
results show that saccades transform the spatial information contained in static im-
ages into spatiotemporal stimuli, whose temporal frequencies lie within the temporal
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Figure 2·6: Comparison between the spectral estimations obtained
using the direct method (solid lines) and our spectral model (dashed
lines). Results are shown for both drift and saccades.
frequency range of highest neuronal sensitivity in the retina. Compared to drifts, the
transformation induced by saccades, conveys more power at low spatial frequencies,
and hence might contribute to encoding low-frequency features at the time of saccade
landing.
These analyses challenge the standard assumption that equates saccade temporal
transients with steps in contrast. Contrast steps equally affect all spatial frequencies.
However, my results, show that saccades alter the frequency content of the retinal
stimulus in a more complex manner. This transformation is not uniform, but consists
of two distinct regimes: Below a critical spatial frequency, the average dynamic power
resulting from saccades increases proportionally to the spatial frequency of the input.
In contrast, above the critical frequency, saccades yield constant power at all spatial
frequencies. This critical frequency depends on the size of saccades and decreases
with increasing saccade amplitudes. Hence, the luminance modulations at the time of
saccades provide information about distinct aspects of spatial information, depending
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on the size of the saccades. In short, saccade length can be viewed as a form of
selection for spatial frequency.
The transformations caused by saccades interacts with the spatial frequency con-
tent of natural scenes in an interesting way. Below the critical spatial frequency,
the frequency-dependent amplification of spatial power closely counterbalances the
spectral density of natural images. This whitens the input to the retinal cells, even
before any neural processing takes place. Together with previous analysis of the fre-
quency content of the retinal stimulus during inter-saccadic fixation (Kuang et al.,
2012), these results imply a recalibration of existing theories of visual processing in
the retina (Atick and Redlich, 1992; Barlow, 1961). First, they show that one of the
basic assumption of these theories is not correct: the input to the retina does not
possess the same statistical properties as of the observed external images. Previous
result (Kuang et al., 2012) have shown that the retinal stimulus is already whitened
within the spatiotemporal range of neuronal sensitivity. The data presented in this
thesis now add to this previous body by showing that saccades also decorrelate input
signals to the retina, but only within a range of low spatial frequencies (for example,
up to 0.15 cycles/deg for a 2-3-deg saccade). This is the range of frequencies where
contrast sensitivity functions of retinal ganglion cells saturate, deviating from the be-
havior that would decorrelate natural scenes according to classical theories. In other
words, my results show that the retinal motion during saccades extends the range of
whitening theoretically provided by the center-surround interactions to the very low
spatial frequencies where natural scenes have their highest power.
These results complement the previous findings on the consequences of fixational
instability resulting from ocular drifts (Kuang et al., 2012; Rucci et al., 2007; Aytekin
et al., 2014). The results from these studies, replicated here, have shown that the
incessant retinal motion present during intersaccadic fixation transforms the spatial
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information into spatiotemporal retinal stimulus with power that counterbalances the
spectral density of natural images, yielding a retinal stimulus with equalized power
up to 10 cycles/deg. Here, I provide a full characterization of the spatiotemporal
retinal stimulus as the eyes freely explore the environment through saccades and
drifts. Besides decorrelating the retinal image within a more limited range of spatial
frequencies, the fast retinal motion at the time of saccades results in more temporal
power at low spatial frequencies compared to the intersaccadic drifts.
These results suggest a complementary role of saccades and drifts in encoding of
visual information: Whereas, drifts enhance high spatial frequency vision, saccades
may enhance sensitivity to low spatial frequencies. The facilitatory effect of drift tem-
poral transients in sensitivity to high spatial frequencies has been previously reported
(Rucci et al., 2007). Moreover, the results of my second study (described in chapter
3) have shown that the luminance discontinuities resulting from small saccades im-
prove contrast sensitivity at low spatial frequencies. At high spatial frequencies, as
expected, drifts were equally effective as small saccades. Similar effects have also been
reported for larger saccades (Boi et al., 2013). They have shown an enhancement in
sensitivity to low spatial frequency stimuli presented at saccade landing position.
Together, these results suggest that during free viewing of natural scenes, the al-
ternation between saccades and drifts gives rise to a coarse to fine representation of
visual information on the retina. Saccades provide a gist of the image by enhancing
the surfaces and low frequency features. Later as the eyes slow down during intersac-
cadic drift periods and retinal modulations contain information from higher spatial
frequencies, the visual system starts to fill in this crude representation by gathering
the fine details. Simulation of neural responses during free viewing of natural images
further support this proposal. Desbordes and Rucci (2007) have shown that modeled
retinal ganglion cell responses tend to be coactive over long distances immediately
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following saccades and progressively decorrelate during the course of fixation.
At first glance, one may think that these results contradict the reports on the im-
pairment of visual perception at the time of these eye movements, known as saccadic
suppression (Volkmann et al., 1978; Ross et al., 2001). These studies show a reduction
in sensitivity to low spatial frequency patterns (Burr et al., 1982) lasting about 50
to 100 milliseconds after the onset of a saccade (Beeler, 1967). However, this period
of suppression is approximately equal to the duration of saccades, so these studies
suggest that sensitivity is already restored to its normal level as the saccade lands
on the new target. Moreover, neurophysiological recordings have shown that neurons
in the early visual system tend to respond strongly at fixation onset (Kagan et al.,
2008). These results are compatible with the simulations of neural activity reported
here, suggesting that saccadic suppression does not occur in the early visual system.
This is also apparent from the experimental results showing a clear facilitation in
detecting low spatial frequency stimuli following saccades.
In sum, my results show that saccades are not merely a means to reposition the
high-acuity center of gaze. Rather, they play a key role in processing information:
they transform pattern of luminance in the scene into a spatiotemporal signal on the
retina that is suited for being processed further by neurons. This enhancement of low
spatial frequencies at fixation onset sets up a coarse to fine representation at the level
of the retinal input, before any neural processing begins, within the range of spatial
frequencies selected by the length of the saccade.
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Chapter 3
Influences of small saccades on contrast
sensitivity
3.1 Introduction
The visual functions of microsaccades have long been debated (Collewijn and Kowler,
2008; Rolfs, 2009). Several recent findings provide evidence that microsaccades, like
saccades with larger amplitudes, serve important spatial functions. Studies with ac-
curate localization of the line of sight have shown that, during examination of fine
spatial detail, microsaccades precisely shift gaze among nearby objects of interest (Ko
et al., 2010). This strategy appears to take advantage of a small preferred retinal lo-
cus of fixation which enhances performance in high-acuity tasks (Poletti et al., 2013).
In addition, microsaccades also seem to be part of the normal oculomotor strategy
by which humans maintain their gaze spatially close to a marker when requested to
do so (Cornsweet, 1956; Engbert and Kliegl, 2004; Cherici et al., 2012), even though
strict fixation can also be maintained by means of ocular drift alone (Steinman et al.,
1973).
Besides these spatial effects, it has long been argued that microsaccades may
also serve important temporal functions. According to a popular proposal—but sub-
ject to sharp disagreement (e.g., Collewijn and Kowler, 2008)—the visual transients
caused by microsaccades are necessary for preventing the progressive fading experi-
enced when stimuli are artificially immobilized on the retina (Ditchburn et al., 1959;
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Martinez-Conde et al., 2006). Furthermore, contrast thresholds to stationary low-
frequency gratings have been found to be lower in a relaxed fixation condition with
small saccades than under strict fixation (Deubel and Elsner, 1986), suggesting that
temporal modulations resulting from microsaccades may enhance sensitivity to low
spatial frequencies.
Since recent studies have shown that the input luminance fluctuations resulting
from ocular drift amplify high spatial frequencies (Rucci et al., 2007), a microsaccade
enhancement of low spatial frequencies raises the interesting hypothesis that ocular
drift and microsaccades may serve complementary functions in transforming spatial
information into temporal modulations. Complementary roles for microsaccades and
drift are supported by neurophysiological findings, which have suggested the existence
of distinct neuronal populations that selectively respond to the input signals elicited
by ocular drift and microsaccades (Riva Sanseverino et al., 1979; Kagan et al., 2008).
However, the effect opposite to that described by Deubel and Elsner (1986)—i.e., an
adverse consequence of microsaccades on visual sensitivity—has also been reported
(Ditchburn 1955; Beeler 1967; Zuber and Stark 1966; Hass and Horwitz 2011; but
see Krauskopf et al. 1966) with a reduction in contrast sensitivity at the time of
microsaccades similar to the “saccadic suppression” of larger saccades (Volkmann
et al., 1978; Ross et al., 2001).
Surprisingly, no previous study has examined the actual information content of
the input transients caused by microsaccades, nor specifically isolated the influences
of these transients on contrast sensitivity thresholds in human observers. To start
filling this gap, here I coupled spectral analyses with measurements of human contrast
sensitivity. I (a) examine how the abrupt changes in the retinal stimulus caused by
microsaccades and small saccades transform the spatial frequency content of a static
stimulus into a spatiotemporal frequency distribution on the retina; and (b) assess
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the impact of these transformations on visual sensitivity at low and high spatial
frequencies.
3.2 Materials and Methods
3.2.1 Subjects
Five subjects (all females, age range: 21-31 years) with normal vision participated in
this study. All observers, with the exception of one of the authors (NM), were na¨ıve
about the purpose of the experiment and were compensated for their participation.
All participants gave their informed consent following the procedures approved by the
Boston University Charles River Campus Institutional Review Board. The work was
carried out in accordance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki).
3.2.2 Apparatus
Stimuli were displayed on a fast phosphor monitor (Iyamaya HM204DT) at a reso-
lution of 800 × 600 pixels and vertical refresh rate of 200 Hz in a dimly illuminated
room. The monitor was calibrated to linearize the relationship between the input gray
level and the displayed luminance. Subjects looked at stimuli from a fixed distance of
126 cm from the monitor. A dental-imprint bite bar and a head-rest restricted head
movements. Stimuli were observed monocularly with the right eye, while the left eye
was patched.
A Generation 6 Dual Purkinje Image (DPI) eye-tracker (Fourward Technologies)
was used to record eye movements. This system possesses a time delay of about 0.25
ms and an internal noise level of less than 20′′ (Crane and Steele, 1985), yielding a
resolution—measured by means of an artificial eye—of approximately 1′. Vertical and
horizontal eye positions were sampled at 1 kHz and recorded for subsequent analysis.
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3.2.3 Stimuli
Stimuli consisted of 2D Gabor patterns oriented at ±45◦ (Fig. 3·1A). Their contrast
varied across trials following the Parametric Estimation by Sequential Testing (PEST)
procedure (Taylor and Creelman, 1967), always starting from an initial contrast level
at least one order of magnitude above threshold. The frequency of the Gabor grating
was either 0.8 cycles/deg (low spatial frequency condition) or 10 cycles/deg (high
spatial frequency condition). In both cases, the standard deviation of the Gabor was
2.25◦. Stimuli were displayed over a uniform field with luminance of 21 cd/m2. To
minimize transients not resulting from eye movements, in each trial, the contrast of
the stimulus first increased gradually from zero to the selected level over a period of
500 ms (ramp-up phase) and then remained at the constant value determined by the
PEST procedure for another 500 ms (plateau phase), as shown in Fig. 3·1C.
3.2.4 Procedure
Data were collected in separate experimental sessions, each with approximate duration
of one hour. Every session started with preliminary operations which were necessary
to: (a) position the subjects in the apparatus; (b) tune the eye-tracker to optimally
measure eye movements; (c) perform a calibration procedure to convert the eye-
tracker data into visual angles; and (d) start the data acquisition protocols. These
preparatory operations lasted for a few minutes and allowed the subjects to adapt to
the low level of light in the room. They were repeated before each block of trials within
a session. Data were then recorded in blocks of 50 trials, with four blocks collected
in each session. The duration of these blocks was chosen so that subjects were never
constrained in the experimental setup for longer than 10 minutes consecutively. Brief
breaks (5-10 min) separated consecutive blocks and allowed the subject to rest.
Conversion of the eye position measurements given by eye-tracker into degrees
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of visual angle was performed by means of a gaze-contingent calibration procedure
identical to the one used in previous experiments (Ko et al., 2010; Poletti et al.,
2013) and, therefore, only briefly summarized here. It consisted of two steps. In the
initial phase, the subject sequentially fixated on the nine points of a 3× 3 grid evenly
spaced within the working area of the display. For each fixation point, the mean
output voltage from the eye-tracker was estimated and used to set up a preliminary
transformation based on a bilinear interpolation. In the second phase, the subject fine-
tuned this mapping. They fixated again on each of the points of the grid and corrected
for possible conversion errors by adjusting the position of a red cross displayed in real
time at the estimated center of gaze. This refinement phase was repeated every five
trials for the central marker only, to correct for possible drifts in the signals and
ensure accurate gaze localization throughout the experimental session.
In a forced-choice procedure, subjects were asked to report whether a low-contrast
grating was tilted to the left or to the right by 45◦ (Fig. 3·1B). The orientation of
the grating varied randomly across trials. Each trial started with the subject fixating
at the center of the uniform field. The onset of the ramp-up phase occurred after a
random delay (750-1250 ms) from the moment in which the line of sight was within
the central 2o window of the display and was signaled by a tone. The entire period
of stimulus presentation, given by the combination of the ramp-up and the plateau
phase, was 1 s. The stimulus was then followed by a white noise high-contrast mask,
which remained on the monitor for 500 ms. Subjects reported the orientation of
the grating using a joypad after the appearance of the mask. Feedback about the
correctness of the responses was given to the subject by means of two distinct tones.
To ensure normal oculomotor activity, subjects were only told that the grating
would be most visible at the center of the display and left free to explore the stimulus.
With the exception of the initial fixation threshold to start a trial, at no point during
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the course of the experiment they were required to maintain fixation. Only one spatial
frequency, either high or low, was tested in each experimental session. Subjects prac-
ticed with a block of 10 trials at the beginning of each session to familiarize/remind
themselves about the stimulus characteristics and the task.
3.2.5 Data analysis
Contrast thresholds resulting in 75% performance were measured by fitting a cumula-
tive log-normal psychometric function to the data collected during the adaptive PEST
procedure (Hall, 1981). This operation was performed using a maximum likelihood
procedure (Wichmann and Hill, 2001) based on the data collected in all the valid
trials. These were the trials with optimal, uninterrupted tracking and in which the
line of sight remained within 2.25◦ from the center of the display. This distance is
equal to one standard deviation of the stimulus Gaussian envelope and ensured that
the fovea was exposed to approximately uniform contrast during the measurement.
Subjects remained within this area even without an explicit requirement for strict
fixation, and only 6% of the trials were discarded for exceeding this threshold. The
contrast sensitivity values reported in Fig. 3·4 are the inverse of Michelson contrast
thresholds.
Recorded eye movement traces were segmented into separate periods of drift and
saccades based on the velocity of the trajectory. Periods of blinks were automatically
detected by the DPI eye-tracker and removed from data analysis. Eye movements
with minimal amplitude of 3′ and peak velocity higher than 3◦/s were selected as
saccades. Consecutive events closer than 15 ms were merged together into a single
saccade, a method which automatically took care of possible post-saccadic overshoots
(Deubel and Bridgeman, 1995). For each event, I defined the time of saccade onset
and offset as the instants immediately before and after the event at which the eye
speed became greater and lower than 2◦/s, respectively. Saccade amplitude was given
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by the modulus of the vector connecting the eye positions at these two instants. Mi-
crosaccades were defined as saccades with amplitude smaller than 30′. Classification
of eye movement data was performed automatically and then validated by visual
inspection.
Saccade rates were estimated over consecutive non-overlapping time intervals after
aligning all trials with the onset of stimulus presentation (time t=0 in Fig. 3·5). To
ensure selection of trials in which microsaccades (or small saccades) could exert an
influence, only trials with contrast in the 60% to 90% performance range were included
in the analysis of rates in Fig. 3·5.
3.2.6 Retinal input analysis
Spectral analyses were conducted to estimate how different types of eye movements
convert spatial information into spatiotemporal luminance modulations on the retina.
To achieve high-resolution estimations of spectral densities, I used a recently devel-
oped model (see Supplementary Information in Kuang et al., 2012), which links the
power spectrum of the retinal input, S, to the characteristics of eye movements and
the spectral distribution of the external scene I:
S (k, ω) = I (k)Q (k, ω) (3.1)
where k and ω represent spatial and temporal frequencies, respectively, and Q(k, ω)
is the Fourier Transform of the displacement probability of the stimulus on the retina
q(x, t), i.e., the probability that the eye moved by x in an interval t.
The model in Eq. 3.1 relies on the assumptions that (1) the external stimulus
possesses spatially homogenous statistics, and (2) the fixational motion of the retinal
image is statistically independent from the external stimulus. The assumption of
independence may not hold in restricted regions of the visual field, e.g., in the fovea,
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where stimulus-driven movements may yield statistical dependencies between retinal
motion and the image. It is, however, a very plausible assumption when considered
across the entire visual field, as the estimation of the power spectrum entails. For the
specific experiments of this study, the assumption of independence seems to also hold
within fovea, as I could not detect any dependence between gaze shifts and foveal
stimulation. This model has provided excellent approximations of the power spectra
of visual input signals measured during ocular drift in a previous study (Kuang et al.,
2012).
Given an external stimulus with power I0 at spatial frequency k0, Eq. 3.1 shows
that the average spatiotemporal power made available by eye movements at temporal
frequency ω, is proportional to Q(k0, ω). Therefore, to examine the individual con-
sequences of ocular drift and microsaccades, I directly estimated the corresponding
Q(k, ω) in the frequency domain on the basis of trace segments that only contained
the considered type of eye movements. Under the model assumptions, this approach
is equivalent to reconstructing the spatiotemporal input movie to the retina and then
estimating its spectrum, but it enables much higher spatial resolution.
For ocular drift, I used uninterrupted non-overlapping drift segments of 512 ms
recorded during presentation of the stimulus (Fig. 3·1C and E), an approach similar
to that of previous studies (Kuang et al., 2012; Aytekin et al., 2014). For microsac-
cades, I extracted each event from its original trace and placed it at the center of
an artificial 512 ms trace in which the eye remained immobile before and after the
saccade. In this way, I isolated the microsaccade input modulations from those of the
pre-and post-saccadic drifts (Fig. 3·1D). This approach enabled quantitative com-
parison with the spectrum of the visual input present during ocular drift. Strictly
speaking, saccades yield a non-stationary visual input to the retina. The result of
this analysis is designed to capture the frequency characteristics of the input signal
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that drives the responses of standard linear (or linear-nonlinear) models of ganglion
cells in the initial period of fixation immediately following a saccade (Desbordes and
Rucci, 2007; Rucci, 2008). For completeness, I also examined the spectrum of the
retinal input resulting from sequences of eye movements that contained both drift
and microsaccades (dashed line in Fig. 3·3F ). In this case, Q(k, ω) was estimated
over trace segments that contained two drift periods separated by a microsaccade,
again recorded during stimulus exposure.
Power spectra were estimated individually for each subject and then averaged
across observers. To summarize my results in two dimensions (space and time),
power spectra in Fig. 3·3 are presented after taking radial averages in the spatial
frequency plane (k = ||k||). I will use the term dynamic power to indicate the total
power made available by eye movements at nonzero temporal frequencies. The data in
Fig. 3·3F represent the estimated dynamic power after integration across all temporal
frequencies that were not contaminated by DC leakage (all frequencies above 3.9 Hz).
3.3 Results
I recorded the eye movements of human observers in a forced-choice discrimination
task in which subjects reported the orientation (±45◦) of a Gabor grating displayed
at either low (0.8 cycles/deg) or high (10 cycles/deg) spatial frequency, as illustrated
in Fig. 3·1. The contrast of the stimulus varied across trials following an adaptive
procedure to measure 75% contrast thresholds. To ensure natural oculomotor activity,
strict fixation was not enforced in this experiment. Observers were only instructed to
look around the central region of the display and told that the probability of correctly
discriminating the stimulus would be higher here, but they could freely explore the
stimulus using microsaccades as well as saccades with larger amplitudes.
Fig. 3·2 shows the characteristics of the recorded eye movements. Saccades were
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Figure 3·1: Experimental design and methods. A: Subjects re-
ported whether a Gabor grating was tilted by 45o to the left or to
the right. Stimuli were displayed at either 0.8 cycles/deg (low spatial
frequency) or 10 cycles/deg (high spatial frequency). B: Stimuli were
presented for 1 s after a fixation period with random duration and were
followed by a high-contrast mask. C: Stimulus contrast increased grad-
ually from zero to the desired level (Cth) in 500 ms (ramp-up phase)
and then remained constant for another 500 ms (plateau phase). The
dashed vertical line indicates the start of the stimulus presentation in-
terval. An example of recorded eye movements in a trial is also shown
(bottom traces) together with the selected periods used for the spec-
tral analyses of the retinal input (shaded regions M1 and D1). D-E:
Examples of the microsaccade (D) and drift segments (E) used for the
spectral analysis. Segments had duration of 512 ms and consisted of
one isolated microsaccade/small saccade (D) or a period of continuous,
uninterrupted drift (E). In D, pre- and post-saccadic drift modulations
were eliminated from the trace to isolate the impact of the saccadic gaze
shift.
not frequent in these experiments, with an overall rate (the rate of saccades of all
amplitudes including microsaccades) of only 0.65 saccades/s during the period of
stimulus presentation. Thus, subjects were tested extensively in order to collect suffi-
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ciently large pools of data for the statistical analyses. I will examine saccade rates in
detail later in this section (Fig. 3·5). Even though subjects were not forced to main-
tain fixation, they made relatively small saccades throughout the trial (Fig. 3·2A-C).
The average saccade amplitude during the 500 ms period preceding the presentation
of the stimulus was 41′ and was slightly larger, but not significantly different, than
the average saccade amplitude occurring during the period of stimulus presentation
(35′; p=0.14, paired two-tailed t-test). Similar saccadic amplitudes were measured
during the exposure to low and high spatial frequency stimuli (Low frequency am-
plitude: 33′; high frequency: 36′; p=0.74, paired two-tailed t-test). The mean value
of the instantaneous drift speed was approximately 50′/s. The speed of ocular drift
was virtually identical in the two conditions of high and low spatial frequencies and
also remained similar in the various phases of the experiment (fixation vs. stimulus
presentation; Fig. 3·2D-F ).
To understand the potential consequences of the temporal transients introduced
by eye movements, I first examined how these modulations reformatted external spa-
tial information into a spatiotemporal input to the retina. In the absence of eye
movements and other motor activity, a stationary scene would project to a static
image on the retina. However, eye movements modulate input signals, shifting the
power of a stationary stimulus from zero to non-zero temporal frequencies. This
transformation is linear in space but not in time, as energy remains at the same spa-
tial frequency of the external stimulus but migrates to new temporal frequencies. I
studied this transformation following an approach similar to that of previous studies
(Kuang et al., 2012; Aytekin et al., 2014): different types of eye movements were
selected and isolated from the recorded oculomotor traces and used to estimate how
the resulting retinal motion redistributed energy at each individual spatial frequency
(Fig. 3·1C-E).
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Figure 3·2: Eye movements characteristics. A-C: Distributions
of saccade amplitudes during fixation (A) and during exposure to low
(B) and high (C) spatial frequency stimuli. D-F: Corresponding dis-
tributions for the instantaneous speed of ocular drift. Data represent
averages across 5 observers. Dashed lines indicate mean values. Error
bars represent SEM.
Before analyzing the effects of microsaccades and small saccades, I first establish
a comparison reference by examining the energy redistribution caused by ocular drift,
the incessant intersaccadic motion of the eye. This redistribution can be regarded as a
baseline, since ocular drift is always present when other types of eye movements do not
occur. The data in Fig. 3·3A represent the temporal power made available by drift for
a fixed-contrast grating at any given spatial frequency. Ocular drift redistributed the
power of a static grating in a very specific way: at any nonzero temporal frequency,
the power contained in the drift modulations increased proportionally to the square
of the spatial frequency over a broad frequency range (Fig. 3·3C). This spectral re-
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distribution is very similar to that previously found when subjects freely observed
images of natural scenes (Kuang et al., 2012). It has already been emphasized in this
study how such input reformatting counterbalances the spectral distribution of natu-
ral images, yielding temporal modulations with power equalized across a broad range
of spatial frequencies on the retina. This effect eliminates predictable correlations in
natural scenes and enhances luminance discontinuities.
The bottom row of Fig. 3·3 shows the results of a similar analysis applied to
the retinal input changes caused by saccades of different amplitudes—and, for com-
pleteness, by sequences containing both drifts an microsaccades—during viewing of
a grating at any given spatial frequency. The data in Fig. 3·3B represent the spa-
tiotemporal power transiently made available on the retina by microsaccades (sac-
cades smaller than 30′). These data show that microsaccades redistribute the power
of the stimulus in a very different way than ocular drift. As a consequence of the faster
displacements of the retinal image, the resulting power at nonzero temporal frequen-
cies no longer increased with spatial frequency as in the case of ocular drift, but was
more evenly distributed. Notably, microsaccade modulations contained more tempo-
ral power than drift modulations up to approximately 10 cycles/deg. This difference
can be clearly appreciated by comparing the total dynamic power—i.e., the sum of
all power at nonzero temporal frequency—given by ocular drift and microsaccades in
Fig. 3·3F .
Similar results were also obtained for saccades with larger amplitudes than clas-
sical microsaccades (saccades in the 0.5-1◦ range) and are summarized in Fig. 3·3F .
These modulations contained even more dynamic power than those resulting from mi-
crosaccades but possessed a similar spectral distribution. Thus, drift and microsac-
cades yield luminance modulations with highly different spatial frequency content.
These results support complementary roles for these two types of eye movements in
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reformatting a static stimulus into a suitable spatiotemporal input signal. Whereas
drift enhances high spatial frequency vision, microsaccades and small saccades may
enhance sensitivity to low spatial frequencies.
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Figure 3·3: Frequency content of the retinal input resulting
from different types of eye movements. A, B: Spatiotemporal
spectra of the luminance modulations given by drifts (A) and microsac-
cades (B). C, D: Spatial distributions at selected temporal frequencies.
E: Comparison between the power resulting from microsaccades and
drift at one representative temporal frequency (10 Hz). E: Comparison
among the total temporal power resulting from different types of eye
movements: drift, microsaccades, small saccades (saccades larger than
0.5o and smaller than 1o), and sequences that included both drift and
microsaccades. At low spatial frequencies, microsaccades and small sac-
cades contribute more temporal power than ocular drift. Shaded areas
in C-F represent one SD.
To test the theoretical predictions emerging from the spectral analysis of Fig. 3,
I examined whether microsaccades and small saccades affect contrast sensitivity. I
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measured contrast thresholds at two spatial frequencies (0.8 and 10 cycles/deg) and
compared the thresholds obtained in trials with different types of eye movements.
The two spatial frequencies were selected within the ranges at which saccade and
drift transients are predicted to have different effects on sensitivity. To isolate the
possible effects of eye movements and attenuate the impact of the transients given by
the stimulus presentation itself, the contrast of the stimulus increased gradually over
a period of 500 ms (ramp-up phase) and then remained constant for an additional
500 ms (plateau phase).
Fig. 3·4A compares the mean contrast sensitivity measured in the trials in which
the eye only moved by means of ocular drift—that is, the trials in which neither sac-
cades nor microsaccades occurred during stimulus exposure—to that measured in the
trials in which one or more microsaccades were present. Data represent the average
contrast sensitivity (the inverse of Michelson contrast thresholds) across all observers.
As mentioned above, this comparison required collection of large numbers of trials,
as observers performed few microsaccades during stimulus presentation, an effect rel-
evant on its own and analyzed later. In fact, despite my extensive data collection, for
one subject I could not estimate contrast sensitivity in the high frequency condition
because of the lack of microsaccade trials: only 3 trials out of 686 contained microsac-
cades during stimulus exposure. Hence, only data from 4 observers are included in
this comparison in Fig. 3·4A.
Contrast sensitivity was little affected by the occurrence of microsaccades. In
the high spatial frequency condition, I measured a small change in sensitivity well
within the range of normal variability (p=0.54, paired two-tailed t-test). Two sub-
jects slightly improved their sensitivity in the presence of microsaccades, whereas
the other two subjects did slightly worse. In the low spatial frequency condition,
sensitivity values were almost identical in the trials with and without microsaccades
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(p=0.63, paired two-tailed t-test). One observer exhibited a small improvement in
the microsaccade trials, two others became slightly less sensitive with microsaccades,
and the remaining two subjects gave virtually identical thresholds with and without
microsaccades. Thus, my data did not support the hypothesis that microsaccade
transients influence contrast sensitivity neither at low nor at high spatial frequencies.
Fig. 3·4B reports the results of a similar analysis for small saccades with ampli-
tude in the 0.5-1◦ range. Unlike microsaccades, these movements exerted a marked
influence on contrast sensitivity at low spatial frequency, which sharply improved in
the trials with one or more saccades. On average across the five observers, the con-
trast sensitivity value measured in the trials which contained at least a small saccade
increased by 39% relative to the measurement obtained in the drift-only trials. This
sensitivity enhancement was visible in all observers, with a minimum individual in-
crement of approximately 10%, and was highly significant (p=0.03, paired two-tailed
t-test). As predicted, it was specific for low spatial frequency stimuli: no perceptual
benefit was observed during presentation of a high-frequency grating, a condition in
which contrast sensitivity changed very little in the presence/absence of small sac-
cades (p=0.88, paired two-tailed t-test). This improvement was not caused from a
possible spatial role of saccades in relocating the center of gaze toward regions of
higher contrast. In the low-frequency condition, only 53% of the saccades moved the
line of sight toward the center of the stimulus (p= 0.51; t-test). This percentage was
actually higher with high frequency gratings (59% of saccades; p= 0.11), the condition
in which I measured no perceptual improvement in the saccade trials.
To summarize, the predicted enhancement in low-frequency sensitivity was only
observed in the presence of saccades with amplitude larger than 0.5◦. Contrary to
prediction, contrast thresholds at low spatial frequencies were virtually identical in the
presence/absence of microsaccades. Furthermore, in agreement with the predictions
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of the spectral analysis, no significant change was found in contrast sensitivity at high
spatial frequencies neither for microsaccades nor for larger saccades.
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Figure 3·4: Contrast sensitivity with different types of eye
movements. A: Comparison between the average sensitivities mea-
sured in the drift-only trials (Drift) and in the trials in which one
or more microsaccades occurred during stimulus exposure (Microsac-
cade). Results are shown for both low (0.8 cycles/deg) and high (10
cycles/deg) spatial frequency stimuli. B: Same as in A, but for small
saccades with amplitudes in the 0.5-1◦ range. Data points represent
averages across all observers (N=5), except in the high-frequency con-
dition of A (N=4; one observer not included because microsaccades
were too rare). Errorbars represent SEM. Asterisk marks statistical
significance (p < 0.05; two-tailed paired t-test)
I have already remarked that the saccade rate was low during exposure to the
stimulus. In fact, this rate was not constant throughout the course of the trial, but
decreased to very low values during the period of stimulus presentation. This effect
was particularly pronounced during the later stimulus interval, the plateau phase
of constant contrast, presumably the most important period for executing the task.
It occurred for saccades of all sizes, both microsaccades and small saccades, during
presentation of both low and high spatial frequency stimuli. Across all subjects and
stimulus conditions, the overall rate for saccades of any size (including microsaccades)
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was approximately of only one saccade/microsaccade every 3.5 s during the plateau
phase, i.e., one saccade every 7 trials.
The right column in Fig. 3·5, summarizes the temporal evolution of the rates
of microsaccades and small saccades during observation of high spatial frequency
gratings. The average microsaccade rate decreased from 0.79 microsaccades/s be-
fore stimulus onset to 0.36 microsaccades/s during the entire period of exposure to
the stimulus (p=0.03; paired one-tailed t-test) and to 0.11 microsaccades/s during
the plateau phase of constant stimulus contrast (p=0.02; paired one-tailed t-test;
Fig. 3·5B). All subjects exhibited this suppression, which ranged individually from
42% to 63% (average across subjects: 54%) and reached an average value of 86%
during the plateau phase. A similar suppression also occurred for small saccades
(p=0.03; paired one-tailed t-test), with a reduction in rate of 66% (89% during the
plateau phase; Fig. 3·5D).
A suppression of saccades during viewing of high-frequency gratings may be ex-
pected from my spectral analysis, as in this frequency range the input modulations
caused by saccades and ocular drift contain approximately equal power. However, a
very similar suppression was also observed with low-frequency stimuli (left column in
Fig. 3·5), the condition in which transients from small saccades were actually help-
ful. In this condition, microsaccade rates decreased from 0.58 microsaccades/s before
stimulus onset to 0.35 during the period of stimulus presentation and to 0.17 microsac-
cades/s during the plateau period, a change which barely fell short of significance
(p=0.06, paired one-tailed t-test). Again, all subjects exhibited this suppression,
which ranged from 12% to 70% (average across observers: 40%) in the entire period
of stimulus presentation and from 32% to 100% (average: 71%) during the plateau
phase. One subject never performed a microsaccade in the plateau phase out of 721
trials. Similarly, the rate of small saccades decreased from 0.55 to 0.32 saccades/s
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during the entire period of stimulus presentation (p < 0.01, paired one-tailed t-test)
and to 0.2 saccades/s during the plateau phase (p=0.01, paired one-tailed t-test),
yielding an average suppression in the two intervals of 42% and 63%, respectively. No
significant differences were found between the rates measured in the presence of high
and low spatial frequency stimuli neither for microsaccades nor small saccades.
In sum, subjects actively suppressed saccades during the presentation of the stim-
ulus. This suppression occurred for both microsaccades and small saccades during
viewing of both low and high spatial frequency gratings. Thus, even though the
transients from small saccades are beneficial for contrast sensitivity at low spatial
frequencies, humans tend to minimize these movements during careful examination
of spatially homogeneous gratings.
3.4 Discussion
Are microsaccade transients helpful? I addressed this question by following an inte-
grated theoretical and experimental approach, which consisted of two components:
a spectral analysis of the input to the retina and measurements of contrast sensi-
tivity. Spectral analyses of retinal input signals have shown that microsaccades and
small saccades yield more temporal power at low spatial frequencies than ocular drift,
suggesting a possible contribution of these movements to low-frequency vision. Mea-
surements of contrast sensitivity confirmed these predictions for small saccades, but
not for microsaccades, and revealed a strong suppression of both movements dur-
ing exposure to the stimulus. These results do not support an important role for
microsaccade transients in visual perception.
My spectral analysis extends and complements previous work in two important
ways. First, it shows that previous findings on how ocular drift transforms the input
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Figure 3·5: Frequency of microsaccades and small saccades
during the various phases of the experiment. Data points repre-
sent average rates across subjects estimated over non-overlapping 250
ms intervals after aligning trials with stimulus onset (t=0). Results are
shown for both microsaccades (A,B) and small saccades (C,D) dur-
ing presentation of both low (A,C) and high spatial frequency stimuli
(B,D). Errorbars represent SEM.
to the retina (Kuang et al., 2012) are robust and continue to hold under very dif-
ferent viewing conditions. In this study, it has been shown that during free viewing
of natural scenes, incessant intersaccadic drifts shift the power of a static scene into
the temporal frequency range at which retinal neurons respond best. This transfor-
mation treats spatial frequency harmonics unevenly, enhancing high frequencies in a
way that counterbalances (whitens) the spectral density of natural images. As a con-
sequence, the input signals impinging onto retinal receptors contain equalized spatial
power within the temporal range of peak sensitivity of ganglion cells. This spectral
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equalization is an important computational step, traditionally attributed to neural
processing (Srinivasan et al., 1982; Van Hateren, 1992). It discards predictable cor-
relations in natural images and, together with the characteristics of retinal ganglion
cells, enhances luminance discontinuities. Unlike this study which included free ex-
amination of natural images, here subjects fixated on low-contrast gratings. Yet the
spatiotemporal input transformations were highly similar: in both cases, the fraction
of stimulus power that moved to nonzero temporal frequencies increased proportion-
ally to the square of the spatial frequency. Thus, the spectral redistribution operated
by ocular drift maintains its general characteristics independent of the specific stim-
ulus and viewing conditions.
Second, the results of the spectral analysis of Fig. 3·3 complement previous find-
ings on ocular drift by showing the consequences of saccades with small amplitudes.
The abrupt displacements of the retinal image caused by microsaccades and small
saccades possess more uniform spectral distributions than slow drift modulations. As
a consequence, these movements give more temporal power than ocular drift in a
spatial frequency range that extends up to approximately 10 cycles/deg. This power
redistribution represents the average frequency content of the visual input transiently
delivered by a saccade, the signal that—because of the temporal integration of retinal
ganglion cells—presumably drives neural responses immediately after a saccade.
Simulations of the responses of ganglion cells during normal eye movements have
already shown distinct regimes of neural activity at fixation onset and during late
fixation (Desbordes and Rucci, 2007). Wide ensembles of coactive neurons emerge
immediately after a saccade and progressively disappear during the course of fixation
as responses become uncorrelated. The data in Fig. 3·3 show that these two regimes
are caused by the different frequency contents of the input signals effectively driving
neurons during early and late fixation. They suggest that different types of responses
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exhibited by cortical cells during microsaccades and drift (Kagan et al., 2008) may
originate from sensitivity to different spatial frequency ranges.
The spectral distributions of Fig. 3·3 raise the interesting proposal that transients
from microsaccades and ocular drift may serve complementary roles in visual percep-
tion. However, my experimental results supported this proposal only partially. The
expected improvement in contrast sensitivity was only found for saccades larger than
30′. As predicted, contrast thresholds were lower in the trials with small saccades
during viewing of low, but not high, spatial frequency gratings. In contrast, no no-
ticeable effect on sensitivity was observed in the presence of saccades with amplitude
smaller than 30′, neither at low, nor at high spatial frequencies. Lack of an effect was
expected at high spatial frequency, as microsaccades and drift may be equally benefi-
cial in this range by yielding comparable temporal power. But the negative result at
low spatial frequency conflicts with the predictions of the spectral analysis and does
not support an important role for microsaccade transients in visual perception.
Furthermore a substantial reduction in the number of all saccades, including mi-
crosaccades, occurred during exposure to the stimulus, a robust effect present for all
subjects in all tested conditions. This decrement in rate extended throughout the
entire period of stimulus presentation and was most pronounced during the plateau
phase of maximum contrast, presumably the most valuable interval of exposure. This
phenomenon cannot be caused by the subject having already completed the task,
as rates were estimated at contrast levels close to threshold, and in many trials the
observer did not see the stimulus. It was a prolonged and sustained suppression
that differed from the transient inhibition of microsaccades reported in response to
stimulus changes (Engbert and Kliegl, 2003; Hafed and Ignashchenkova, 2013) and
was suggestive of a progressively increasing focus of attention at the current fixation
(Goffart et al., 2012). It is important to notice that such reduction was not observed
50
in previous experiments with stimuli that, unlike the gratings of this study, were not
spatially homogenous (Rucci et al., 2007; Poletti et al., 2013). In fact, the number of
microsaccades actually increased during the course of the trial in a previous experi-
ment that required comparison of two approaching nearby regions (Ko et al., 2010).
Thus, microsaccade suppression only seems to occur when precise positioning of the
preferred retinal locus of fixation is not necessary.
Although my results may appear surprising, they are consistent with multiple
previous findings. First, similar facilitatory effects of small saccades in the detection
of low-frequency stationary gratings have been previously reported in the literature
(Deubel and Elsner, 1986). These authors found higher sensitivity at 0.5 cycles/deg
when subjects were asked to look at the center of the display rather than maintain
strict fixation on a marker. This difference could have originated from the more
frequent saccades/microsaccades in the relaxed fixation condition. However, it is
known that (a) humans make fewer saccades during relaxed fixation compared to when
they are requested to maintain precise fixation on a marker, and (b) saccades also tend
to be larger in this condition (Cherici et al., 2012). Thus, an alternative possibility
is that this low-frequency enhancement followed from changes in the amplitude of
saccades rather than their frequencies. Indeed, Deubel and Elsner (1986) report that
the average amplitude of the saccades immediately preceding perceptual decisions
was larger than 1◦, an observation consistent with my finding that only relatively
large saccades affect contrast sensitivity.
Second, the spectral analysis of Fig. 3·3 only considers the average characteristics
of retinal stimulation. However, it is well known that saccades are normally accom-
panied by temporary impairments in visual functions, which include a compression
of space (Ross et al., 1997) and a reduction in sensitivity known as “saccadic sup-
pression” (Volkmann et al., 1978; Ross et al., 2001). Several recent studies have em-
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phasized that microsaccades bear no differences with larger saccades with respect to
the underlying neural substrate (Hafed et al., 2009), their impact on neural responses
(Kagan et al., 2008), and also their associated perceptual consequences (Lavergne
et al., 2010; Hass and Horwitz, 2011; Hafed, 2013). Notably, both a compression of
space (Hafed, 2013) and an increment in perceptual thresholds for luminance, but not
chromatic, gratings (Hass and Horwitz, 2011) have been reported for microsaccades,
effects similar to those observed for larger saccades (Burr et al., 1994; Diamond et al.,
2000; Kno¨ll et al., 2011). These considerations suggest that my contrast sensitivity
measurements may depend on the balance between the positive influence of saccadic
transients and the negative consequences of saccadic suppression. In this view, only
the larger changes in the retinal stimulus caused by small saccades may overcome
these perceptual impairments resulting in a net beneficial effect. Contrasting influ-
ence may balance out in the case of microsaccades.
Third, my results are in agreement with previous measurements of contrast sensi-
tivity. Classical experiments on retinal stabilization—a laboratory condition in which
the physiological motion of the retinal image is eliminated—have found a global reduc-
tion in contrast sensitivity during prolonged exposure to the stimulus (Koenderink,
1972; Kelly, 1979; Tulunay-Keesey, 1982). This effect is caused by a progressive fad-
ing of the image over periods much longer than the brief stimulus exposure used in
my experiments. Indeed, previous experiments with brief stimulus presentations did
not find any influence of retinal stabilization on contrast sensitivity at low spatial
frequencies (Tulunay-Keesey and Jones, 1976; Rucci et al., 2007). That is, the mi-
crosaccades present when the retinal image was not stabilized had little consequences
on contrast sensitivity. In contrast, different thresholds with and without retinal sta-
bilization were found at high spatial frequencies, the range in which drift is expected
to enhance vision (Rucci et al., 2007).
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Fourth, my finding that only saccades larger than 30′ affect contrast sensitivity
is in agreement with the results of studies investigating whether microsaccades pre-
vent image fading. According to a controversial proposal, microsaccade transients
are essential for preventing the perceptual fading experienced under retinal stabi-
lization (Ditchburn et al., 1959; but see Kowler and Steinman, 1980). The fading
prevention hypothesis usually treats all the image equally without specifying whether
some frequency bands should benefit from microsaccades more than others. However,
studies on image fading commonly use low-frequency stimuli, and the global reduc-
tion in contrast sensitivity measured under prolonged retinal stabilization is more
pronounced at low spatial frequencies. It has been recently observed that visibility
of a 0.2 cycles/deg is enhanced by saccades larger than 30′, but that smaller saccades
only have a very modest effect (McCamy et al., 2012). These previous results are in
agreement with the findings of Fig. 3·4. They show that microsaccades (as defined in
my study and in classical ones—see below) have little or no consequences in enhanc-
ing visibility. Furthermore, the spectral analysis of Fig. 3·3 also makes clear that the
notion that fixational eye movements operate a general “refreshing” of neural activity
is a simplistic assumption. Different types of eye movements yield highly different
redistributions of the spectral density of the stimulus.
Related to this previous point, it is important to clarify my use of the term
“microsaccade”. In this study, as in published in the active perception laboratory
previous articles, microsaccades are saccades with amplitude smaller than 30′. This
approach relies on the classical definition of microsaccades as movements that do not
shift gaze away from the current point of fixation (e.g., Bridgeman and Palca, 1980).
Since the average diameter of the rod-free region within the fovea is slightly larger
than 1◦ (Curcio et al., 1990), saccades with amplitude of 30′ give an overlap between
pre- and post-saccadic images larger than 50%. Classical studies used similar or even
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smaller amplitude thresholds. However, recent studies have inflated this threshold
to include much larger movements, up to 1.5◦ or even 2◦. This redefinition of a mi-
crosaccade is unjustified and changes the nature of previous debates (Collewijn and
Kowler, 2008). It is unjustified because the overwhelming majority of saccades occur-
ring during sustained fixation are smaller than half degree. For example, in a recent
study in which the eye movements of a relatively large population of observers were
recorded at high resolution, the 90th percentile of the average saccade distribution
was only was 31′ (Cherici et al., 2012). It changes the nature of classical debates, as
the original questions were pertinent to movements that did not move the high acuity
foveola to a different region of the scene. This study provides a further reason why
it is important to pay attention to the amplitude: the smaller the saccade the lower
the temporal power delivered to the retina. Only saccades larger than 30′ improved
contrast sensitivity in my experiments.
In sum, the results of this study provide a negative answer to the specific ques-
tion of whether microsaccade transients are helpful for vision. This negative result,
however, should not be taken to imply that microsaccades are not useful in general.
Studies with precise localization of the line of sight have already shown that humans
use microsaccades to optimally position a narrow preferred retinal locus of fixation
when needed (Ko et al., 2010; Poletti et al., 2013). Furthermore, it has been recently
observed that motion sensitivity is enhanced immediately following a microsaccade,
as demonstrated by an improved ocular following response to full field motion start-
ing after the movement (Chen and Hafed, 2013). Thus, microsaccades have beneficial
consequences for vision, even if these benefits do not come from their transients.
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Chapter 4
Peri-Microsaccadic Vision
4.1 Introduction
Visual perception in the presence of eye movements has been the subject of vigorous
investigation in the past few decades. Under natural viewing conditions, rapid gaze
shifts known as saccades sweep the image of the visual scene on the retina every
few hundred milliseconds. Despite this instantaneous retinal motion, the world is
perceived stable and the visual system is somehow able to build a coherent and
continuous percept by merging the snapshots that it receives from successive fixations.
Studies of visual functions during saccades have established the existence of “sac-
cadic suppression”, a transient reduction in sensitivity occurring at the time of sac-
cades. Elevation of visual thresholds have been reported to precede the initiation
of the saccade and outlast it by as much as 100 ms (Volkmann, 1962; Latour, 1962;
Zuber and Stark, 1966). The origin of this effect has, however, been the subject of
intense controversy (Ross et al., 2001; Castet, 2010). Some groups have argued for
the existence of an extra-retinal inhibitory factor that dampens vision in anticipation
of an upcoming saccade (Holt, 1903; Zuber and Stark, 1966; Duffy and Lombroso,
1968). This mechanism has been argued to depress motion processing by selectively
targeting the magnocellular pathway in the lateral geniculate nucleus (Burr et al.,
1994). This would prevent low spatial frequency features from being visible during
saccades (Burr and Ross, 1982). This effect, together with the retinal smearing of the
high spatial frequencies at saccadic velocities (Burr and Ross, 1982) would contribute
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to eliminating the disturbing sensation of motion during saccades.
This argument has, however, been opposed by others, who have argued for a pure
retinal origin of saccadic suppression (Dodge, 1905; Woodworth, 1906; Beeler, 1967;
Campbell and Wurtz, 1978). Using optimized motion stimuli, Castet and Masson
(2000) have shown that motion perception remains intact during saccades, suggest-
ing that saccadic suppression originates from the post-saccadic high-contrast masking
of the smeared retinal stimulus occurring during saccades (Castet et al., 2002). This
theory has been further supported by recent results showing a similar level of sensi-
tivity impairment during active and passive (simulated) saccades in natural scenes,
arguing in favor of the retinal origin of saccadic suppression phenomenon (Dorr and
Bex, 2013). These authors also found no difference in sensitivity profile to low and
high spatial frequency stimuli, challenging the magno-specificity of saccadic suppres-
sion.
Despite the large body of literature on the characteristics of visual perception
during saccades, it is not clear how these effects extend to microsaccades, the small
saccades that keep the stimulus within the foveola. A few early studies have suggested
that small saccades are accompanied by a depression of vision similar to that of larger
saccades (Ditchburn, 1955; Zuber et al., 1964; Beeler, 1967). In contrast Krauskopf
et al. (1966) reported lack of visual suppression at the time of these eye movements.
It is, however, very hard to draw a reliable conclusion based on these studies as
they do not provide a detailed characterization of neither the eye movements nor
the properties of the stimulus . In fact, in most of these studies the stimuli are far
larger than the foveola making it impossible to specify the spatial characteristics of
intra-saccadic suppression. Moreover, these studies did not examine how sensitivity
evolves during the course of the eye movement.
In this study, I aimed to fill this gap by examining the spatiotemporal profile of
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contrast sensitivity at the time of microsaccades. I developed a highly controlled,
yet naturalistic, high-acuity task to characterize the temporal evolution of contrast
sensitivity at different retinal eccentricities within the foveola. My results show that
microsaccades are accompanied by an elevation of visual thresholds that starts before
the initiation of the actual eye movement and gradually disappears as the eyes slow
down at fixation. Moreover, my data support previous reports of non-homogenous
high-acuity vision within the fovea (Poletti et al., 2013) showing a decrease in sensi-
tivity with increasing eccentricity within this region.
4.2 Materials and Methods
4.2.1 Subjects
Data were collected from six subjects (5 females, age range: 25-33 years) with normal
vision. All observers, except for one of the authors (NM), were naive about the
purpose of the experiment and were compensated for their participation. Informed
consent was obtained from all participants following the procedures approved by the
Declaration of Helsinki and Boston University Charles River Campus Institutional
Review Board.
4.2.2 Apparatus
A fast phosphor monitor (Iyamaya HM204DT) at 800×600 pixels resolution and 200
Hz refresh rate was used to display the stimuli. The display was gamma-corrected to
reach a linear relationship between the input gray level and the displayed luminance.
Observers were seated at a fixed distance of 126 cm from the monitor. Movements of
the head and body were restricted by a head-rest and a custom dental-imprint bite
bar. The left eye was patched so that the stimuli were viewed monocularly with the
right eye.
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Eye movements were recorded by means of a Generation 6 Dual Purkinje Image
(DPI) eye-tracker (Fourward Technologies), a system with root mean square (RMS)
of internal noise smaller than 20′′ (Crane and Steele, 1985). The resolution of the
system, measured by means of an artificial eye, is approximately 1′. Vertical and
horizontal eye positions were low pass filtered with cut-of frequency of 500 Hz and
sampled at 1 kHz.
4.2.3 Stimuli
Stimuli consisted of 30 dots uniformly distributed with the central 2 deg region of
a naturalistic high contrast background pattern that filled the entire screen. The
power spectra for the background decreased proportionally to the square of the spatial
frequency. This was done to create a stimuli with similar spectral properties as that
of natural scenes (Field, 1987). The dots were 5′ squares displayed at 2.38 cd/m2
luminance level.
Subjects were told that the dots could be either fleas (targets) or dust particles
(distractors). Fig. 4·1A shows the central region of the screen where the objects were
presented.
4.2.4 Experimental design
Data were collected in separate one-hour long sessions each consisting of 5 blocks of 40
trials. Subjects were ran extensively to collect enough data to estimate the contrast
sensitivity function. On average 6000 trials were collected from each observer in
about 30 sessions. Preparatory procedures consisted of positioning the subject in
the apparatus, tuning the eye tracker and performing the calibration procedure and
preceded the data acquisition in each block to ensure optimal measurement of the
eye position. Accurate localization of the gaze position was achieved by means of the
dual-step gaze contingent calibration procedure previously described (Poletti et al.,
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2013). In this method, subjects were able to fine tune their estimated gaze location
in real time by aligning a red cross, stabilized on their retina at the estimated center
of gaze, to nine fixed cues displayed on the monitor. This refinement phase was
repeated after each trial to maintain the accuracy of the gaze localization throughout
the block.
Contrast sensitivity was measured using a “grooming task”, a task that naturally
incorporated both change detection and visual search and resembled primate’s social
grooming. Observers were asked to search for fleas in a naturalistic noise field that
also contained dust particles and catch them by pressing a button on a joypad as soon
as they detected one. Both fleas and dust particles were displayed as dark dots (5′
squares). Subjects were told that the fleas revealed themselves by jumping, a change
in their contrast for a brief period of time (10 ms) at random times throughout the
trial.
In practice, contrast changes in the targets (the fleas) were gaze contingent and
their occurrence was time locked to saccades. Each trial started with presentation
of a new noise field and consisted of two phases: familiarization and target search.
During the familiarization phase, which lasted for 1 s, no change was presented and
the subjects were allowed to become acquainted with the objects and start searching
for the fleas. During the target search phase, contrast changes (flea jumps) occurred
at controlled times following real-time detection of a saccade. The delay between the
detected start of the saccade and the time of the contrast pulses varied randomly
among 7 possible values ranging from 0 to 400 ms. At each time, only one location
was tested. That is, the contrast step was chosen randomly from the 30 objects to
enable examining the spatial profile of contrast sensitivity. The amplitude of the
contrast pulse (the height of the jump) was also selected randomly from 8 possible
values ranging from 2.38 to 11.09 cd/m2. The maximum level was set by the physical
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limits of the monitor and corresponded to 255 in gray scale.
Each “flea jump” was followed by a 700 ms response window during which no
other target was presented. This was done to avoid sequential target presentations
with short intervals and to give subjects sufficient time to deliver their response if
they detected the step. Observers had equal expectation for a target event to occur
at any time during the course of the trial. Pulses were marked as hits if they were
followed by a response within 300-1000 ms after their occurrence. This is within the
reported range for reaction times in humans in demanding visual tasks (Thorpe et al.,
1996). Trials had a fixed duration of 5 sec. The number of contrast pulses varied
depending on the oculomotor activity of the observers in each trial.
4.2.5 Data analysis
I studied the spatiotemporal profile of contrast sensitivity relative to saccades. To
this end, blink-free trials with optimal, uninterrupted tracking were selected from the
recorded data. Saccades were detected in the eye movement traces using a velocity
criteria. Eye movements with minimal amplitude of 3′ and peak velocity higher than
3◦/s were selected as saccades. Consecutive events closer than 15 ms were merged
together into a single saccade. This method automatically took care of possible post-
saccadic overshoots (Deubel and Bridgeman, 1995). For each event, I defined the time
of saccade onset and offset as the instants immediately before and after the event
at which the eye speed became greater and lower than 3◦/s, respectively. Saccade
amplitude was given by the modulus of the vector connecting the eye positions at
these two instants. Microsaccades were defined as saccades with amplitude smaller
than 30′. Segmentation of the traces was performed automatically and then validated
visually.
Each contrast pulse was only associated with the saccade at the closest temporal
distance. Contrast pulses that had more than one saccade within ±200 ms window
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from their onset were discarded from the analysis. I mapped contrast sensitivity
across the horizontal axis on the retina. To this end, only contrast pulses contained
within ±45◦ angle from the center of gaze were used. Moreover, since the focus of
this study was to evaluate contrast thresholds relative to occurrence of microsaccades
and small saccades (collectively referred to as saccades in this study), changes with
corresponding saccades larger than 1◦ were excluded from further analysis.
Psychometric functions of contrast sensitivity in Fig. 4·2 and 4·3 are measured
for each subject at 24 spatiotemporal bins. In space, data were grouped into 3 bins,
corresponding to retinal eccentricities, 0–15, 15–30 and 30–60 arcmin. Sorting of the
data was obtained based on the distance between the location of the contrast pulse
relative to the center of gaze. On the temporal axis, the time course of sensitivity
change was assessed in 8 bins: 0–25, 25–50, 50–100 and 100-200 ms before and after
saccades. In each of these spatiotemporal bins, contrast thresholds were estimated at
25% performance level by fitting a cumulative log-normal psychometric function to the
data using a maximum likelihood procedure (Wichmann and Hill, 2001). Contrast
sensitivity values reported in Fig. 4·2 – 4·3 are the inverse of Michelson contrast.
The variability in the estimated thresholds (error bars in Fig. 4·2) were assessed by
bootstrapping the data with 2000 repetitions at each bin.
The profile of contrast sensitivity in Fig. 4·4 was examined for four different ranges
of velocity at three eccentricities. Contrast thresholds were estimated separately for
changes occurring before and after the onset of saccade. In the preceding saccade
group, in 7 cases, performance was very low and never reached 25%. In these cases,
an arbitrary large value of 45.3 cd/m2 was used as the contrast threshold. This value
is four times larger than the highest contrast tested in the experiment.
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4.3 Results
Eye movements of human observers were recorded in a simulated ”grooming” task, in
which they searched for the targets (fleas). Targets revealed themselves by a transient
10-ms contrast pulse. The observer reported the appearance of the target as soon as
possible by pressing a button on a joypad. Pulses could occur at the location of one
of the 30 squares presented at the central 2 deg region of the display (Fig. 4·1A). No
target was presented in the initial 1 s familiarization phase of each trial. During the
target search phase, however, contrast pulses could occur at different times relative
to saccades. Fig. 4·1B shows an example eye trace. The shaded gray areas mark the
saccades and the orange dashed lines indicate the start of contrast pulses.
Observers were allowed to freely move their eyes on the stimulus with no restric-
tions. This ensured natural oculomotor activity throughout the experiment. Saccades
were frequent in this task with the overall rate of 2.51 saccades/s. This is much higher
than the rate of saccades in the discrimination tasks I presented in chapter 3 (0.65 sac-
cades/s). Moreover, microsaccades were more frequent than in free-viewing of natural
scenes (Kuang et al., 2012). The rate of microsaccades was 1.59 saccades/s and larger
saccades occurred at the rate of 0.92 saccades/s. This shows that microsaccades were
actively employed to relocate the gaze between the objects and fascilitated exploration
of the stimuli. Fig. 4·1C shows the distribution of saccade amplitudes. The average
amplitude of saccades was 28 arcmin. The average duration of the intersaccadic drift
periods was 398 ms (Fig. 4·1D).
I studied the spatiotemporal profile of contrast sensitivity relative to the occur-
rence of small saccades (< 1 deg). Fig. 4·2 shows the time course of contrast sensitivity
at 3 spatial eccentricities for one subject. The temporal bins were chosen in a way
that could capture the evolution of sensitivity both before and after the initiation of
a saccade.
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Figure 4·1: (A) Experimental design. (B) An example eye trace. The
dashed orange lines represent the time of target events (10 ms pulses in
contrast). shaded areas represent saccades. (C) Average distribution
of saccade amplitude over N=6 observers. The inset in (C) shows
the distribution of microsaccades. (D) Average distribution of drift
duration over N=6 observers. Error bars in C-D represent SEM.
Presentations of targets contingent to saccade onset resulted in many more events
happening in the time bins following the saccades than in those preceding them. The
average time difference between the saccade and pulse start times was 44 ms. For this
reason, subjects were ran extensively to collect enough data for a reliable estimation of
the contrast thresholds both before and after the saccade. An average of 11000 valid
contrast pulses were used to construct the spatiotemporal map of contrast sensitivity
for each subject. This corresponds to almost 65% of the available events for each
subject.
The data in Fig. 4·2 show a reduction in sensitivity around the onset of small
saccades. The effect starts about 100 ms before the saccade onset and lasts up to
about 100 ms after that. The suppression is maximum within 50 ms around the onset
of the saccade and is present at all tested eccentricities. In fact, a similar time-course
of visibility occurs both in the fovea and peri-fovea showing that suppression is present
even within the rod-free region of the fovea where the visual acuity is highest.
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Figure 4·2: Spatiotemporal profile of contrast sensitivity around the
time of saccade onset. Data refer to one subject. Error bars in A
represent CI.
This pattern was consistent for all subjects. Fig. 4·3A shows the contrast sensi-
tivity profile relative to the time of saccade initiation across the 6 observers. For the
contrast pulses presented within 25 ms before the saccades, the performance for one
of the subjects never reached 25%, making it impossible to estimate the threshold at
this level. Hence, the data point at this specific time, shown as an empty circle, rep-
resents the average across 5 observers. Sensitivity to contrast pulses presented at the
closest distance to the center of gaze (0–15 arcmin region), decreased as much as 35%
(0.187 log units) within 25 ms prior to saccade onset compared to the 100–200 ms
time window were it was at its maximum (p< 0.0001, HSD test, two-way ANOVA).
The magnitude of suppression was smaller for targets presented farther away from the
center of fovea. In fact, for targets presented within 22±7 and 45 ± 15 arcmin from
the center of gaze, sensitivity decreased by 28.7% (0.147 log units) and 27.5% (0.14
log units) compared to their local maximum at the 100–200 and -200—100 ms time
windows, respectively (p< 0.0001, HSD test, two-way ANOVA). At all these eccen-
tricities, suppression was maximum in the 25 ms time window following the saccade
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onset.
In addition, the spatial profile of contrast sensitivity with respect to the onset
of saccades, shows that the normal unsuppressed visual sensitivity is maximum at
the center of fovea and decreases with increasing eccentricities. For instance, for
the targets presented within 100–200 s after saccade onset, sensitivity decreased as
much as 7.2% (0.032 log units) and 18% (0.086 log units) as stimuli shifted only by
22.5±7.5 and 45±15 arcmin away from the center of the fovea (p< 0.0001, HSD test,
two-way ANOVA). These results are consistent with the idea that, despite common
assumption, sensitivity is not homogeneous in the fovea and decreases with increasing
eccentricity. No significant difference was observed in sensitivity at different retinal
eccentricities within the 25 ms before and after the saccade, when the suppression
was highest.
While the increase in visual thresholds before the start of saccade suggests an
anticipatory nature for saccadic suppression, it is not clear how strong the effect is
at the time of saccade end. To address this question, I looked at the spatiotemporal
sensitivity profile time-locked to the fixation onset (saccade offset). Fig. 4·3B shows
the results across all observers at the tested retinal eccentricities. These data show
that at fixation onset, immediately after the saccade ends, sensitivity has restored to
85% of its steady state value at the center of the fovea (0–15 arcmin region). This
value is even higher at larger retinal eccentricities. In fact, sensitivity is restored
by 88.7% and 95.1% in the 15–30 and 30–60 arcmin regions, respectively within 25
ms after the end of saccade. These results are in line with previous reports on the
similarity between the time-course of saccadic suppression and eye movement for
larger saccades (Zuber and Stark, 1966).
The data in Fig. 4·3A− B show that visual thresholds elevate shortly before the
saccade starts and reach their maximum during the saccade. This suggests a possible
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relationship between the retinal speed and the time course of sensitivity change across
the retina. To assess this issue, in the next step I examined the evolution of contrast
sensitivity relative to the time of saccade peak velocity (Fig. 4·3C). The results
show that contrast sensitivity decreases with increasing eye velocity. In fact, the
suppression is at its minimum within the 25 ms before the eye reaches its highest
velocity at all retinal eccentricities. The magnitude of suppression is very similar to
the condition in which the data was assessed relative to saccade onset and decrease as
much as 37.1% (0.201 log units), 32.7% (0.172 log units) and 24.9% (0.124 log units)
in the tested three spatial eccentricities.
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Figure 4·3: The time-course of contrast sensitivity relative to the start
(A), end (B) and time of the peak velocity of saccades (C). In each
panel, the three curves represent different retinal eccentricities. Error
bars represent SEM.
My results on the anticipatory nature of saccadic suppression phenomenon is in
line with theories supporting the existence of a corollary discharge signal responsible
for elevation of sensory thresholds (Zuber and Stark, 1966). To further evaluate this
hypothesis, I measured how sensitivity varies with the eye speed at the time of the
target event. The analysis was done separately for events preceding and following
saccades. If the retinal speed is solely responsible for the suppression of vision during
saccades, I should see identical profile of contrast sensitivity for these two types of
stimulus presentation. My results, on the other hand, showed an opposite effect. In
fact, at all tested retinal locations, the sensitivity was lower for the stimuli presented
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before the saccades than those presented after the saccades despite similar eye velocity
at the time of target presentation in both conditions (Fig. 4·4). These results clearly
show that at the same retinal velocity, targets are less visible when they are preceding
saccades.
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Figure 4·4: The time course of contrast sensitivity relative to eye
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(C) retinal eccentricities. Error bars represent SEM.
All together, my results support the existence of visual suppression for small sac-
cades similar to larger saccades. This phenomenon elevates visual thresholds around
the time of microsaccades. It starts around 100 ms before the saccade is initiated and
is present during the saccade. However, visual sensitivity is restored at the time the
microsaccade ends. Thus, observers can benefit from high visual sensitivity through-
out the intersaccadic periods of fixation. Moreover, the spatial profile of contrast
sensitivity shows a significant reduction in sensitivity with increasing eccentricities
in the fovea and peri-fovea which conflicts with the traditional view of uniform vi-
sual functions within the foveola. Finally, my analysis of the contrast sensitivity
profile with respect to the retinal velocity supports the existence of an anticipatory
mechanism for the suppression of vision at the time of microsaccades.
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4.4 Discussion
In this study, I examined the spatiotemporal characteristics of contrast sensitivity
relative to occurrence of microsaccades and small saccades in a highly controlled,
yet naturalistic task. My results show that microsaccades, like larger saccades are
accompanied by a transient impairment of visual perception around the time of their
onset. This suppression affects the fovea and para-fovea in anticipation of an up-
coming microsaccade and is stronger at the center of gaze where visual acuity is the
highest.
These results, for the first time, provide a detailed and accurate measurement of
the spatiotemporal profile of contrast sensitivity relative to occurrence of microsac-
cades. The measured increment in visual thresholds precedes and outlasts the start
of microsaccadic movement of the eye by as much as 100 ms. This is very similar to
the time course of visual suppression previously reported for larger saccades (Volk-
mann, 1962; Latour, 1962; Zuber and Stark, 1966) and suggests that the time course
of suppression does not depend on the amplitude of the eye movement. My results
are also in line with the reports on the suppression of visual bursts in the superior
colliculus (Hafed and Krauzlis, 2010). This suppressive effect has been shown to fol-
low a similar time course to what I have found in my data. However, in this study
the activity has been recorded from neurons with receptive fields far more eccentric
than the eye excursion caused by microsaccades making it difficult to compare the
neural and perceptual correlates accompanying the visual suppression.
My analysis of the contrast sensitivity function relative to saccade offset suggests
that visual suppression is mostly recovered by the time the eyes land at the saccade
target location and does not affect the perceptual facilitation accompanying these eye
movements. In fact, my spectral analysis of the retinal input at the time of microsac-
cades, reported in chapter 2 has shown an enhancement of low spatial frequencies
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immediately after these eye movements. This effect, however can be diminished by
the perceptual suppression experienced before and during these eye movements when
the stimuli are presented for a long duration of time. This may explain why in the
data in Chapter 3, a visual enhancement at low spatial frequency was not observed in
the trials with microsaccades. In contrast, a low-frequency sensitivity enhancement
was measured for small saccades suggesting that the positive impact of the spatiotem-
poral modulations caused by saccades of these size was larger than the reduction in
sensitivity caused by saccadic suppression.
My analysis of the spatial profile of contrast sensitivity did not reveal a significant
difference between the suppression experienced at various locations within the central
1 deg region of the retina. While the magnitude of suppression was larger for the
smaller eccentricities, the evolution of visual thresholds followed similar time course
at all eccentricities. These results appear to conflict with previous reports that argued
that the fovea recovers faster from suppression compared to the periphery (Mitrani
et al., 1970a). This effect was, however, observed for large (13 deg horizontal) saccades
and across a wide region of the retina. Moreover, in this study, the retinal location of
the stimulus was estimated only by a mathematical formula since accurate localization
was not technically possible. Furthermore, comparison between the sensitivity at
different retinal eccentricities shows an increase in thresholds with increasing distance
from the center of gaze within the fovea and parafovea showing the nonhomogeneity
of the foveal vision. This effect was reported previously in a discrimination task
(Poletti et al., 2013). My data further confirms this phenomenon in a naturalistic
environment where the observers freely moved their eyes between different points of
interest.
My results show a maximum of 0.2 log units change in the visual thresholds
within the 50 ms time window around the onset of microsaccades. This is almost
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half of what has been previously reported for larger saccades (Zuber and Stark, 1966;
Beeler, 1967). However, Mitrani et al. (1970b) have shown that visual suppression
increases almost linearly with saccade size. Although their results were based on a
simulation of the retinal speed for large saccades and not experimental measurements,
the smaller suppression elicited by microsaccades seems consistent with their data.
This hypothesis will need to be tested further. It should also be observed that rela-
tively low luminance of my stimuli might have contributed to the small magnitude of
suppression. In fact, Diamond et al. (2000) have shown that suppression is reduced
at lower luminance levels. While several studies have argued for negligibility of this
level of suppression in normal viewing contrasts (Volkmann, 1962; Latour, 1962; Zu-
ber and Stark, 1966), my data shows that even at the highest tested contrast levels,
determined by the physical limits of the CRT, sensitivity was extremely low around
the time of microsaccades.
My data on the profile of contrast sensitivity relative to the eye velocity revealed
interesting results about the possible origin of “microsaccadic suppression”. In fact,
comparison between the visual thresholds before and after the onset of microsaccades
shows that at constant eye velocities, suppression is stronger before the initiation of
the eye movement. These results support the existence of a central inhibitory process
as the source of ‘’microsaccadic suppression” of visual thresholds. In fact, if the source
of the suppression was purely retinal, as has been suggested by several groups (Dorr
and Bex, 2013; Ross et al., 2001), I would have expected to see no difference between
these two conditions. Moreover, the time course of the “microsaccadic supprssion”
shows a clear increase in the thresholds in anticipation for an upcoming microsaccade
suggesting a non visual origin for the suppressive signals. While these results are
in favor of the central inhibitory mechanism, they do not rule out the possibility of
coexistence of both retinal and extraretinal factors that has been previously suggested
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by several groups (Volkmann et al., 1978; Ross et al., 2001; Castet, 2010).
In contrast, the data do not appear compatible with reports attributing saccadic
suppression to a reduction in magnocellular sensitivity (Burr and Ross, 1982; Burr
et al., 1994). These studies postulate that saccades triger a suppression of visual
sensitivity specific to magnocellular pathway that dampens the sensation of motion for
low spatial frequencies. This view has been challenged by more recent findings (Dorr
and Bex, 2013; Castet and Masson, 2000). My results show that the extra-retinal
“microsaccadic suppression” is present for small high frequency stimuli projected to
the fovea where information about fine spatial details are acquired mostly through
the parvocellular pathway.
All together, my results provide a thorough and accurate analysis of both the
temporal and spatial characteristics of contrast sensitivity around the time of mi-
crosaccades. They should end a long standing controversy regarding the existence
of “microsaccadic suppression”. These measurements show a clear elevation of vi-
sual thresholds at the fovea and parafovea that starts before the initiation of the
eye movement and is recovered to a large extent at the offset of the microsaccade.
They support the presence of an extra-retinal inhibitory process as the underlying
mechanism for the suppression phenomenon.
71
Chapter 5
Conclusions
This section summarizes the major findings of the studies described in this dissertation
and outlines interesting directions of possible future research.
5.1 Summary of results
Chapters 2-4 describe the results of 3 studies conducted to investigate the visual
functions of the temporal transients resulting from microsaccades and small saccades.
Chapter 2 focused on characterizing the spectral properties of the spatiotemporal
retinal input at the time of saccades and microsaccades. Chapter 3 examined the
theoretical results of chapter 2 and tested whether microsaccades and small saccades
indeed exert the predicted effects on visual contrast sensitivity. Finally, chapter 4
provided a detailed spatiotemporal profile of contrast sensitivity relative to occurrence
of microsaccades and small saccades.
These results are the outcome of an integrated experimental and theoretical pro-
gram of research. They complement previous findings on the visual consequences of
the fixational instability resulting from ocular drifts (Kuang et al., 2012; Rucci et al.,
2007; Aytekin et al., 2014) and, together with this previous set of results, provide a
full characterization of the visual input to the retina during normal eye movements.
These results also challenge established views in the field on the visual functions of
small saccades and microsaccades in multiple important ways.
First, my results propose a fundamental computational role for the retinal motion
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caused by eye movement in encoding spatial information. They show that the fast
transients in the retinal input caused by saccades and microsaccades possess a com-
plex and interesting structure. They transform the spatial pattern of luminance in the
external scene into a spatiotemporal signal on the retina. This transformation coun-
terbalances (whitens) the spectral density of observed natural images up to a critical
frequency within the temporal frequency range of highest neuronal sensitivity. This
spectral equalization has been traditionally attributed to the center-surround inter-
actions across retinal cells (Atick and Redlich, 1992; Srinivasan et al., 1982; Van
Hateren, 1992). However, the results reported in this thesis, together with a previ-
ous body of work from the laboratory, show that under natural viewing conditions,
when the incessant motion of the eyes is taken into consideration, the processes of
whitening and edge detection begin before any neural processing. Furthermore, they
show that the retinal motion extends the range of whitening resulting from the neural
processing across the retina to the very low spatial frequencies where natural scenes
have their highest power.
My results also challenge the long-standing and popular idea that microsaccades
serve to refresh the retinal image and prevent perceptual fading (Ditchburn et al.,
1959; Martinez-Conde et al., 2006). In contrast, a more fundamental role for mi-
crosaccades in shaping the retinal input emerges. Microsaccades appear to be one
specific computational element within a more general system that uses different types
of eye movements to encode spatial information in the temporal domain.
In this scheme of visual encoding, space-time reformatting operated by saccades
conveys more power at low spatial frequencies compared to drifts and is expected
to contribute to low frequency vision. This prediction is confirmed by the results in
Chapter 3 for small saccades larger than 0.5 deg. Contrast sensitivity data show com-
parable improvements from ocular drift and small saccades at high spatial frequency,
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which confirms a second prediction of the theoretical analysis in Chapter 2. These re-
sults suggest complementary roles for small saccades and drifts in establishing visual
representations during the course of natural post-saccadic fixation.
The results described in Chapter 4 give, for the first time, a detailed profile of
the dynamics of contrast sensitivity around the time of occurrence of microsaccades.
They show that microsaccades and small saccades are accompanied by a transient
impairment in visual perception with a similar time-course to the one previously re-
ported for larger saccades (Volkmann, 1962; Latour, 1962; Zuber and Stark, 1966).
The spatial profile of contrast sensitivity shows that this suppression affects the fove-
ola in anticipation of an upcoming microsaccade and is stronger at the center of gaze
where visual acuity is highest. Moreover, the existence of a perceptual suppression
around the time of microsaccades supports the idea that for these saccades, the spec-
tral benefit of the visual transients need to be weighted in comparison to the negative
consequences of a transient reduction in contrast sensitivity. The resulting oculomo-
tor strategy presumably evaluates both these factors and vary according to the task.
These considerations provide a possible explanation for two observation in the exper-
iments of Chapter 3: (a) the lack of improvements in contrast thresholds measured
in the presence of microsaccades; and (b) the observed suppression in the number of
microsaccades during presentation of the stimulus.
In sum, the work presented in this dissertation advances our understanding of
the visual functions of different types of eye movements. It shows that saccades, like
drift, are a tool for precisely structuring the input to the retina to enable processing
of spatial information in the temporal domain.
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5.2 Future directions
The findings reported in this dissertation suggest several interesting directions of
future research. A question which has remained open is how the space-time transfor-
mation resulting from large saccades contribute to perception of space. Our analyses
of the frequency content of the retinal input, reported in Chapter 2, suggest that
different types of eye movements optimally contribute to encoding different ranges of
spatial frequencies. The facilitatory role of drift temporal modulations in sensitivity
to high spatial frequencies has been previously reported (Rucci et al., 2007). The
data in Chapte 3 add to this previous results by showing that small saccades can
enhance sensitivity to low frequencies. However, further experiments are needed to
test the predictions emerging from these spectral analyses.
Another interesting question is how the frequency content of the retinal stimulus
dynamically varies as saccades and periods of drifts alternate. The spectral analyses
presented in chapter 2 do not give information about the time-course of the spectral
density in the retinal stimulus. This can be examined by measuring the spectogram of
the input impinging on the retina at each point in time. This analyses would provide
a more thorough understanding of the role of temporal modulations resulting from
eye movements.
Several questions arise from the findings described in chapter 4. In this study, I
examined the spatiotemporal profile of contrast sensitivity relative to occurrence of
microsaccades and small saccades. My results show that microsaccades, similar to
larger saccades, are accompanied by a transient impairment in vision around the time
of their onset. While “saccadic suppression” has been vigorously investigated in the
past few decades, surprisingly little is known about how this phenomenon is related
to the specific characteristics of the eye movement. For example, it is not clear how
the spatial and temporal profile of contrast sensitivity and the magnitude of the effect
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vary with the size of the saccades. A more detailed analysis of the dynamics of this
phenomenon and its dependence on eye movement characteristics is needed.
On the other hand, “saccadic suppression” has always been studied with near
threshold stimuli briefly flashed on the retina. This is however, not a common event
in every day natural viewing conditions. Hence, it is not clear how the 0.5-2 log
unit elevation of visual thresholds observed in the laboratory controlled environment
(Zuber and Stark, 1966; Beeler, 1967) can translate to more naturalistic environment
where stimuli are available at high contrasts and for a long period of time.
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